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NEUTRON AND FISSION FRAGMENT DAMAGE IN ZIRCONIA 

J. Adam and B. Cox 

m United Kingdom Atomic Energy Authority, Harwell, England 
s. (Received November 23, 1959) 
zes 
1 Wittels and Sherrill’ reported recently that a uranium oxide film placed opposite the ZrO, 
i. e irradiation- induced phase transformation layers at a distance of about 1-2 mm. These 
n, served in natural zirconia® does not take place experiments were subsequently repeated with 
s, hen synthetic ZrO, crystals or powders are oxides on sponge zirconium and on spectroscop- 
itten exposed to neutrons. Their analysis indicates ically pure ZrO,. The transformation was ob- 
nu- considerable quantities of uranium are served in all cases but it was also found that 
h the Present in the natural material and it is sug- ZrO, was heavily contaminated with uranium 
tor (gested that the phase transformation is due to which “evaporated” from the film. This 
om- Pission spikes. “evaporation” of uranium is associated with 
fied | Our work® confirms the conclusion that pure the escape of fission fragments® and, although 












10, does not undergo phase transformation 

der neutron bombardment but we did observe 
monoclinic to cubic phase change in oxidized 
irconium alloys, containing up to 5 weight 

rcent of either vanadium, chromium, or 

talum under moderate neutron doses. Materi- 
als used in the preparation of these alloys were 
commercially pure quality and later analysis 
did not reveal uranium contamination. This sug- 
ests that the phase transformation in ZrO, takes 
lace only in materials containing impurities 
vhich may provide nuclei of a cubic or tetragonal 
jfhase. Uranium is known to stabilize tetragonal 
1r0,,* and, although fission fragments undoubtedly 
acelerate the transformation rate, without the 
stabilizing effect of the uranium impurity they 
vould not produce the transformation. The 
widence for this comes from our experiments 
inwhich we irradiated spectroscopically pure 
Ir0, with fission fragments from an outside 
source. 

It was reported at the Second Geneva Confer- 
ence* that phase transformation can be produced 
inthick oxide layers formed on zirconium alloys 
ty bombarding them with fission products from 








it cannot be avoided, uranium may be prevented 
from reaching the surface of ZrO, if a very thin 
aliuminum foil is placed between the fission 
fragment source and the specimen. The absorp- 
tion of fission fragment energy in the aluminum 
foil is small when the latter is less than 1 micron 
thick. 

Experiments with aluminum foils 0.7 micron 
thick showed that pure monoclinic ZrO, did not 
transform into cubic at doses which, in the 
absence of the aluminum foil, would have pro- 
duced 100% transformation. A further experi- 
ment was performed in which the gap between 
the source and target was reduced from 2 mm to 
zero. By this means any effect due to the absorp- 
tion of fission fragment energy in the aluminum 
foil was offset by elimination of the absorption 
in the air gap. A very small percentage trans- 
formation was found following this experiment, 
but this was ascribed to failure of the aluminum 
foil since a small @ count indicating the presence 
of uranium was obtained from the target. 





'M. C. Wittels and F. A. Sherrill, J. Appl. Phys. 
27, 643 (1956). 
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SELF-ABSORPTION AND TRAPPING OF SHARP- LINE RESONANCE RADIATION IN RUBY 


F. Varsanyi, D. L. Wood, and A. L. Schawlow 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received November 12, 1959) 


As an aid in planning a microwave-optical dou- 
ble resonance experiment,’»? we have examined 
by high-resolution optical spectroscopy the de- 
tails of the sharp-line fluorescence of ruby (Cr** 
in Al,O,). 

The only transition which appears in the fluo- 
rescence of dilute ruby at 4°K is from E(E) to 
*A, and appears at 6934 A. Selection rules for 
this transition have been calculated,*® and par- 
tially verified for absorption. The Zeeman le- 
vels to be discussed here are those occurring 
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FIG. 1. Energy levels and transition probabilities 


for Zeeman levels involved in the resonance lines of 
ruby. H|\c axis. 
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for a magnetic field parallel to the symmetry 
axis and are shown in Fig. 1. 

Figure 2(a) gives the predicted and observed 
intensities for a dilute ruby containing about 
10°° Cr per Al, and showing no color. For the 
theoretical patterns complete thermalization 
among the Zeeman levels is assumed in both 
ground and excited states. The figure shows that 
the selection rules predicting a 3:2 ratio of com- 
ponents a@ to y and of 5 to 8 are confirmed. 
Moreover, use of the @ to 6 and y to B ratios 
shows that the population of atoms in the upper 
Zeeman level of the excited state is only slightly 
above that of a Boltzmann distribution. The ef- 
fective spin temperature is 1.77°K. If it is as- 
sumed (although this is doubtful) that the excita- 
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FIG. 2. (a) Theoretical and observed intensity ratio 
of Zeeman components in very dilute ruby sample 
(white sapphire). H=30000 gauss; T=1.58°K. (b) 
Theoretical and observed intensity ratio of Zeeman 
components in ruby containing 0.05% Cr,0;. H =30000 
gauss; T=2.1°K. 
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tion process populates the two levels equally, 
and that the actual population is obtained by a 
balance between spin-lattice relaxation and ra- 
diative decay, the spin-lattice relaxation time is 
about 2x10-* second. Also the crystal may have 
been heated above the helium bath temperature 
by the exciting radiation, so the actual relaxa- 
tion time may be somewhat less. In any case, 

it seems that there is nearly complete thermali- 
zation between the Zeeman levels of the excited 
state during its relatively long lifetime of several 
milliseconds. 

The great disparity between calculated and ob- 
served intensities for a ruby containing 0.05% 
Cr,0, by weight is shown in Fig. 2(b). This dis- 
parity is explained by self-absorption which dif- 
fers from one component to the next because of 
the Boltzmann population distribution of the 
ground-state levels. Thus component a termi- 
nates on the ground level (m =-3/2), which is 
populated by 85% of the atoms and is strongly 
absorbed. At the other extreme the component 
§ terminates on the +3/2 level, which is 8.3 cm™ 
above it, and contains only 0.3% of the atoms, 
so that 6 is much less absorbed. While self- 
absorption is often encountered in gaseous lumi- 
nescence, it is seldom possible for a gas to be 
cold enough to have appreciably different popula- 
tions in individual Zeeman levels. 

Quantitatively, we find that an absorption coef- 
ficient of about 25 cm™ for the a component pro- 
duces satisfactory agreement with the observed 
intensity ratio of y to a in the 0.05% ruby spec- 
trum. A direct absorption measurement at 77°K, 
where only half of the atoms are in the +3/2 state 
and line widths have increased from 0.25 to 0.32 
em™*, gave k=13 cm“ in good agreement. The 
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radiative lifetime of the excited state was also 
measured in the very dilute sample, and in finely 
divided and dispersed 0.05% ruby, and was found 
to be 4.3+0.3 milliseconds. This gives an oscil- 
lator strength f=7.5x10-7 for the same transi- 
tion, which then gives k =11 cm“! for 0.05% ruby. 
This satisfactory agreement indicates that the 
observed lifetime is indeed predominantly radia- 
tive. 

It has been possible in the 0.05% ruby to ob- 
serve for the first time in a solid the trapping of 
resonance radiation. At 77°K the radiative life- 
time is found to vary smoothly from 4.3 x10-* 
second for a fine, dispersed powder to 15x10-° 
second for a whole boule, a very long lifetime. 
The observation of trapping confirms the predom- 
inantly radiative character of the decay of the 
excited state, and the strong self-absorption of 
the resonance radiation. The ratio of lifetimes 
with and without trapping is only about 4, show- 
ing that other modes of decay such as radiation 
in vibrational sidebands and nonradiative pro- 
cesses also occur. 

We are indebted to D. G. Thomas for the use of 
his spectrograph and magnet, to A. M. Clogston, 
S. Geschwind, and S. Sugano for helpful discus- 
sions, and to G. E. Devlin for extensive experi- 
mental assistance. 





'Geschwind, Collins, and Schawlow, following Letter 
[Phys. Rev. Letters 3, 545 (1959)). 

*Brossel, Geschwind, and Schawlow, this issue [Phys. 
Rev. Letters 3, 548 (1959)). 

3S. Sugano and Y. Tanabe, J. Phys. Soc. (Japan) 13, 
880 (1958). 

4S. Sugano and I. Tsujikawa, J. Phys. Soc. (Japan) 
13, 889 (1958). 





OPTICAL DETECTION OF PARAMAGNETIC RESONANCE IN 
AN EXCITED STATE OF Cr* IN A1,O, 


S. Geschwind, R. J. Collins, and A. L. Schawlow 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received November 12, 1959) 


We have observed paramagnetic resonance in 
an excited metastable state of Cr** in Al,O, by a 
method of optical detection which should have 
wide applicability to the general problem of 
studying paramagnetic resonance in excited 
states of ions in solids. This method makes use 
of the selective reabsorption in the ground-state 


Zeeman levels of the fluorescent light from the 
excited states in solids at very low tempera- 
tures.' Referring to Fig: 1 of the preceding 
Letter,’ at 1.6°K, the lower of the two Zeeman 
levels of the excited state E(?E) will be much 
more heavily populated. Let us first assume 
there is no reabsorption so that the theoretical 
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intensities for transitions to the Zeeman levels 
of the *A, ground state are as given by Sugano 
and Tanabe.* In this case, when the sample is 
irradiated with microwave energy of the proper 
frequency so as to excite ions in the lower Zee- 
man level of E(?E) to the upper Zeeman level, the 
ions upon radiating to the ground state emit two 
o lines, 5,8 of relative intensity 3:2 just as they 
do in radiating from the lower Zeeman level of 
the excited state (a,y). In this case, the total 
emitted light in o polarization would remain con- 
stant, i.e., it is independent of the relative popu- 
lation of the magnetic sublevels of the excited 
state. Similarly for the 7 component. On the 
other hand, if there is reabsorption of the fluo- 
rescent light, components £ and 6 originating 
from level } will be less strongly absorbed than 
a@ and y due to the larger Boltzmann populations 
of the lower Zeeman levels in the ground state at 
low temperatures. Then, by inducing micro- 
wave transitions between the magnetic sublevels 
of the excited state so as to raise ions from level 
a to b, we can increase the total light output and 
thereby detect paramagnetic resonance in the 
upper state.* In contrast to standard optical 
double resonance techniques in gases, where 
normally a change in linear or circular polariza- 
tion is detected along the field direction,* this 
method of utilizing selective reabsorption enables 
one to observe a change in the light in linear 
polarization in the much more convenient direc- 
tion at right angles to the field. 

The sample was a }-in. diameter by j-in. long 
cylinder of ruby, containing 0.05% of Cr, whose 
c axis was perpendicular to the axis of the cyl- 
inder. It was placed along the axis of a cylin- 
drical TE, ,,, mode K-band cavity with a hole 
cut in one end wall for continuous vertical illu- 
mination from below by a 200-watt Osram mer- 
cury lamp. The ions were continuously excited 
to the metastable state by absorption of the 
5461A and the 4000A light from the mercury 
lamp and subsequent decay by radiationless 
transitions to the metastable state. The meta- 
stable state 2A(?E), 30 cm™' above, is virtually 
depopulated at 1.6°K, i.e., the thermalization of 
the metastable states in the radiationless decay 
is much faster than the radiative lifetime of 
these states. Slots were cut in the side wall of 
the cavity to view the fluorescent light which 
was detected by a photomultiplier preceded by 
a polaroid, collimating lens, and narrow band 
interference filter of 70A half-width centered at 
6934 A. The microwaves were chopped with a 


546 


ee 


30-cps square wave and the resulting 30-cps 
component in the fluorescent light, as one swept 
the dc magnetic field through the excited state 
resonance, was recorded using standard lock-in 
detection techniques. A recorder trace of the 
increase in o light is shown in Fig. 1. The line 
width is 17 gauss and is comparable to the widths 
observed in the ground-state resonances. We 
estimate that this signal arises from approxi- 
mately 10*° Cr** ions in the excited state. 

The excited state can be represented by an 
effective spin Hamiltonian 


K = b Hes’, (1) 


where S’ is an effective spin of 4. The energy 
levels of the excited state are given by W=s3gy 
where g=(g)? cos*6+g,*sin?@)”*. The variation 
of the dc magnetic field required for resonance, 
Hyeg» 48 a function of the angle 6 between the c 
axis and H,.,, is shown in Fig. 2. 1/Hyeg is seen 
to vary as cos@ within the accuracy of our mea- 
surements,° with the components of the g tensor 
given by g) = (-)2.445+ 0.001 and |g, |< 0.06. 
While the sign of g, has not actually been mea- 
sured by using microwaves of circular polariza- 
tion, theoretical analysis by Clogston® indicates 
that it is negative. 

The actual increase in the total fluorescent sig- 
nal when the Zeeman levels of the excited state 
were saturated amounted to 2.5% of the total 
fluorescence. This very large light signal made 
it possible to measure directly the relaxation 
time T, in the excited state. Figure 3(a) is an 
oscillogram of a sample of the microwave power, 
square-wave modulated at 50 cps, incident on 
the cavity. Figure 3(b) is an oscillogram of the 
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FIG. 1. Recorder trace of increase in o component 
of fluorescent light as magnetic field is swept through 
resonance of excited E(*E) state. This signal cor- 
responds to approximately 10° Cr** ions in the excited 
state. H is parallel to the C axis. 
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FIG. 2. Variation of magnetic resonance of E (EB) 
state with angle @ between the applied field and the 
¢ axis of the crystal. 


corresponding light signal. From the decay of 
the light signal with microwave power off, we 
determine 7, to be 2.3 milliseconds. 7, need 

not necessarily be a spin-lattice relaxation time; 
itis, however, the time taken for the magnetic 
sublevels of the excited state to thermalize when 
saturated, irrespective of the process, i.e., 
direct spin-lattice, cross-relaxation to ground- 
state spins, or even radiative relaxation. It is 
this latter radiative lifetime 7 which sets an 
upper limit on the nonradiative T, which can be 
observed. Since 7 is known to be about 8x10-° 
sec, the value of T, of 2.3x10-* sec can be as- 
sumed to be mainly connected with nonradiative 
thermalization. Further evidence for this is the 
speedup in T, to ~1.6x10~* sec at certain angles 
§where the energy separation of the excited 
state approaches the Zeeman separation of some 
of the ground-state levels. 

From a study of the saturation of the light sig - 
nal with microwave power, the value of micro- 
wave power where (+H. ¢/h)? T,T,~1 was deter- 
mined. Since we know 7, and T, (the latter from 
the line width) we could determine ji, the mag- 
netic dipole moment matrix element for the 
transition, if we knew H,, as a function of the 
microwave power level incident on the cavity. 

As it is difficult to know the exact field configu- 
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FIG. 3. (a) Oscillogram of microwave power square- 
wave modulated at 30 cps. The lower portion of the 
square-wave corresponds to the microwave-power-off 
part of the cycle. (b) Corresponding change in the o 
component of the fluorescent light signal. From the 
decay of the increased fluorescent light signal when 
the microwave power is turned off, T, for the excited 
state ions is found to be 2.3 milliseconds. 


ration in the ruby, we made a rough estimate of 
i. by comparing the ratio of powers needed to 
saturate the excited state compared to the ground 
state, using the values of T, and T, for the 
ground state from other work. We find the ratio 
of the transition probabilities to be approximately 
0.005. Even this small transition probability is 
relatively large compared to that originally pre- 
dicted theoretically. 

We have also detected the ground-state reso- 
nances, by monitoring the change in fluorescent 
light when these resonances are swept through, 
again due to selective reabsorption. However, 
these are of secondary interest in this case. 

We wish to thank A. M. Clogston for stimulating 
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our interest in the problem of studying excited 
states in solids by paramagnetic resonance. We 
are grateful to D. Linn for his extensive experi- 
mental assistance and to Professor J. Brossel, 
A. Javan, W. B. Mims, H. E. D. Scovil, and 
Professor S. Sugano for helpful discussions. 





'Varsanyi, Wood, and Schawlow, preceding Letter 
(Phys. Rev. Letters 3, 544 (1959)]. 
2S. Sugano and Y. Tanabe, J. Phys. Soc. (Japan) 


13, 880 (1958). 
5The principle of this method was also suggested 
independently by Professor J. Brossel. 


‘F. Bitter and J. Brossel, Phys. Rev. 86, 308 (1952), 


5s. F. Jacobs, thesis, 1957, John Hopkins Univer- 
sity (unpublished), earlier established the approximate 
cosé@ variation of the E(7E) Zeeman pattern from the 
optical Zeeman spectrum. Our work confirms this 
with an order of magnitude greater accuracy charac- 
teristic of microwaves. We are grateful to Professor 
G. H. Dieke for making this work available to us. 

SA. M. Clogston (private communication). 





OPTICAL DETECTION OF PARAMAGNETIC RESONANCE IN CRYSTALS 
AT LOW TEMPERATURES 


J. Brossel,* S. Geschwind, and A. L. Schawlow 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received November 12, 1959) 


Paramagnetic resonance absorption has been 
extensively used to determine the structure of 
the ground state of paramagnetic ions in differ- 
ent crystal fields. As is well known, many 
absorption and fluorescence spectra of ions ina 
crystal lattice show very sharp optical lines be- 
sides the usual broad bands. The Zeeman effect 
of these lines has been observed in some cases, 
and the components are often strongly polarized. 

A method of detection of magnetic resonance 
in the fluorescent state which utilizes the selec- 
tive reabsorption of the components of the fluo- 
rescent radiation at low temperatures has been 
described in the preceding Letter.’ We wish to 
discuss extensions of this method to other cases 
which may arise, as well as to indicate where 
the more conventional double resonance? tech- 
niques may be applied to the study of paramag- 
netic ions in crystal lattices. In addition, we 
want to point out that optical detection of mag- 
netic resonances in the ground state may have 
some merits of its own. 

The first step in doing resonance in an excited 
state is to obtain a population difference between 
the Zeeman substates. We will use the case of 
ruby to illustrate the different possibilities. 
Referring to Fig. 1 of Varsanyi, Wood, and 
Schawlow,’ two cases may arise: 

(A) Thermalization is fast.—This we feel will 
be the most common case. It is what happens in 
ruby, i.e., the Boltzmann distribution is reached 
between (a) and (b) before the atoms radiate. 
The fluorescent state can be reached in any con- 
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venient way and one can rely on thermal relaxa- 
tion to achieve the population difference. Ab- 
sorption of light in any of the broad bands is 
particularly convenient because it can be filtered 
out at detection and need not come from a pre- 
ferred direction. 

(B) Thermalization is slow. —In this case, a 
population difference between the Zeeman levels 
of the excited state can be achieved, just as is 
done in gaseous double resonance experiments, 
by pumping with polarized resonance light. How- 
ever, in a solid at low temperatures and high 
enough fields, one can even use unpolarized re- 
sonance radiation, because the lowest Zeeman 
level of the ground state is far more populated 
than the others, so that absorption will populate 
level (a) more than level (b). 

Having obtained a population difference between 
the Zeeman levels of the excited state, the next 
step is to detect the change in this population on 
passing through magnetic resonance by observing 
the fluorescent light. At low temperatures se- 
lective reabsorption may be utilized as shown in 
the preceding Letter. 

At temperatures very much above 4°K, how- 
ever, selective reabsorption will not occur. In 
addition, selective reabsorption will be absent 
from a fluorescent line whose width is greater 
than the total Zeeman splitting of the ground 
state. In these cases, it follows from the transi- 
tion probabilities shown in Fig. 1 of reference 3, 
and as explained in the preceding Letter, that 
the total light output is independent of the popula- 
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tion difference in the upper state and so will be 
unaffected by microwave transitions in the ex- 
cited state. However, a microwave transition 
can nonetheless be detected by comparing the 
ratio of right circular (R) to left circular (L) 
light emitted in fluorescence; in particular (R) 
light will increase at resonance. The same thing 
will happen for all Kramers doublets. There is 
the experimental difficulty of looking along the 
direction of the field, at high fields where the 
Boltzmann factor is favorable. Moreover, the 
crystal must be strain free so as not to depolar- 
ize the light; but the method works even when 
the components of the optical Zeeman pattern 
overlap. 

In studying resonance in the excited state by 
the selective reabsorption method, ground state 
resonances will often show up also, as they did 
in ruby, due to the change in population of the 
absorbing levels arising from the microwave 
resonance. This may be confusing under some 
circumstances. A way to see only the excited 
state is to operate with a ruby so dilute that no 
reabsorption takes place, and observe its fluo- 
rescence through a selectively absorbing ruby 
outside the rf field, but in the same magnetic 
field and at the same low temperature. 

At liquid helium temperatures, optical detec - 
tion of magnetic resonance in the ground state 
can be accomplished in several ways. The 
change of paramagnetic to diamagnetic Faraday 
effect has been used previously.* The absorption 
of circularly polarized light may be used, since 
as is seen from Fig. 1 of reference 3, component 
(a) is more absorbed, i.e., circularly left light 
is absorbed in the ruby 6934A line, to a greater 
extent than other polarizations. Resonance in 
the ground state between level 1 and any other 
will increase the amount of transmitted left light. 
One can operate at low fields. The light source 
may have “broad line” characteristics, but the 
light must travel along the field. 

The same absorption method will apply to 
linearly polarized (o or 7) 6934A light, traveling 
perpendicular to the magnetic field, or even in 
the absence of a field.° However, with the con- 
dition just defined, transitions -}-+4 and -3-+3 


will not appear, as seen from the optical transi- 
tion probabilities (although they should appear if 
H were not along the optic axis). They can be 
observed with a suitable “narrow line” light 
source, emitting the Zeeman components with 
unequal intensities. This last case requires that | 
the Zeeman components of the line be well se- 
parated and that fairly high fields be used. 

Optical detection of ground state resonances 
could prove useful in many cases. For example, 
many satellite lines have been seen in the optical 
spectrum of Cr** in Al,O, and MgO which are 
attributed® to Cr** pairs, as well as to an added 
axial field component due to charge compensa- 
tion in the case of MgO. Such pairs and centers 
have indeed been identified by standard paramag- 
netic resonance techniques.” Therefore, by 
doing double-resonance type experiments on 
these optical satellites in such a way that only 
ground-state transitions are observed, a corre- 
lation can be made between the particular optical 
satellite and the type of center with which it is 
associated. In addition, optical detection of 
ground-state resonances will be helpful in un- 
raveling unidentified paramagnetic resonance 
spectra which are associated with different types 
of centers; for, by studying the ground-state 
resonances of a particular optical satellite, one 
selects only that part of the total paramagnetic 
resonance spectrum associated with only one 
type of center. 





"Permanent address, Ecole Normale Supérieure, 
Paris, France. 
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SATURATION OF PARAMAGNETIC SPINS BY 13-Mc/sec ULTRASONIC PHONONS* 


R. D. MattuckT and M. W. P. Strandberg 
Department of Physics and Research Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 
(Received October 19, 1959) 


Experiments have been conducted at 4.2°K with 
the object of saturating spin populations in var- 
ious paramagnets through the use of 13-Mc/sec 
sound waves. Differences in energy level popu- 
lation were monitored by paramagnetic reso- 
nance equipment that included a Pound-Watkins 
oscillator followed by a narrow-band amplifier 
and a phase-sensitive detector, with dc and 
50-cps modulating fields provided by Helmholtz 
coils. (The signal S is thus the slope of the 


imaginary part of the paramagnetic susceptibility.) 


The phonon source was an X-cut quartz crystal, 
cemented to the paramagnet with vacuum grease 
and driven by a 10-volt signal generator. The 
input impedance at low temperature was meas- 
ured with an rf bridge; we were thus able to 
calculate the power input and to check the acous- 
tical contact provided by the grease joint. With 
the assumption that sound radiation into the 
surrounding helium bath is the dominant loss 
mechanism, the phonon relaxation time was 
~10™ sec, which yields a maximum phonon en- 
ergy density of ~10 ergs/cm* at a power input 
of ~0.3 watt. Direct electric pickup between the 
phonon generator and the oscillator tank coil 
was confined to a region about 0.05 Mc/sec wide, 
so that no measurements were made with phonon 
frequency exactly on spin resonance. In all 
cases in which an effect was observed, we re- 
peated the experiment, using paper as a phonon 
barrier to ensure that phonons were indeed the 
source of the effect. 

The first experiment was performed on ruby 
having a linewidth of 40 Mc/sec.' This substance 
obeys quadrupole selection rules,”’* and it is 
possible to show that if the phonon energy den- 
sity is ~10 ergs/cm*, and the phonon frequency 
is ~10’ cps, then the signal saturation, S/S, 
(which is the ratio of signal with phonon power 
on to signal with phonon power off), is equal to 
unity to within one part in 10° for a forbidden 
transition; and that for an allowed transition, 
S/S, is approximately 1/60. This means that 
acoustic saturation should be negligibly small 
for the low-field + 3 Kramer’s doublet. The 
measured value in this case was S/S, =1+0.01 
which is in agreement with theory within the 
accuracy of the experiment. On the other hand, 
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saturation should be easily observable between 
the +3, -3 levels (transition allowed) where 
these levels nearly cross over. An acoustic 
saturation experiment with +3, -3 levels is now 
in progress. 

It was predicted theoretically that because of 
the very small zero-field splitting in Cr*+*+*-dope 
MgO, the saturation should be huge (S/S, ~107), 
The experimental results for a crystal with 10° 
Cr*** ions/cm* are shown in Fig. 1. As expected, 
S/S, decreases with increasing phonon power and 
is maximum when phonon frequency, Vp» is 
equal to the spin-resonance frequency, v,. How- 
ever, S/S,~%, which is 10’ times smaller than 
theory predicts, and the bandwidth (which should 
be approximately the spin linewidth, 10 Mc/sec) 
is too large. To determine, if possible, an 
upper limit to the bandwidth, we ran an additional 
experiment at v,=195 Mc/sec, using a different 
spectrometer. This produced the peculiar re- 
sult shown in the dotted curve of Fig. 2. For 
comparison, curves are given for S/S, versus 
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FIG. 2. Acoustic saturation vs square root of the 
shonon power in MgO doped with Cr***. 


the square root of the phonon power input at 

two lower frequencies. A possible explanation 
of some of these anomalies may be in the fact 
that the Cr*** ion distorts the local lattice con- 
siderably*; this effect is nowhere taken into 
account by the theory.” 

An apparent saturation was observed in a 
crystal of Brazilian quartz which had been given 
21.4x10"-rad dose of y rays in a Co™ source. 
With phonon power of approximately 0.2 watt, 
we found S/S, =0.4+0.05, from v;- Vp= -2.3 
Me/sec to +7.5 Mc/sec, and S/S, ~0.6 at vy-vp 
=175 Mc/sec. This makes the bandwidth of the 
effect greater than 176 Mc/sec, which agrees 
with the result obtained by Jacobsen et al.° with 
microwave phonons. The approximate frequency 


independence of the effect here suggests that 

the phonons simply cause thermal heating of the 
crystal. However, to get the right order of 
magnitude, this requires the rather short acous- 
tic phonon ~ thermal phonon relaxation time of 
<10~* sec; and a very low thermal conductivity 
(~10~* watt /em-deg). 

If thermal heating is indeed the cause of this 
effect, an even greater saturation should be 
seen in irradiated fused quartz because its 
thermal conductivity is reported lower than that 
of natural quartz. However, this postulate does 
not seem tenable, since an experiment per- 
formed on irradiated fused quartz yielded S/S, 
=1.15+0.03 at phonon power of ~0.2 watt. There 
was some evidence of a slight decrease in line- 
width accompanying the increase in line height 
It should be noted that in a slope measurement 
the maximum slope is reciprocally proportional 
to the square of the linewidth; hence these two 
effects tend to cancel each other. 
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BARDEEN-COOPER-SCHRIEFFER THEORY OF SUPERCONDUCTIVITY IN THE CASE 
OF OVERLAPPING BANDS 


H. Suhl, B. T. Matthias, and L. R. Walker 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received November 16, 1959) 


The purpose of this note is to point out an 
extension of the Bardeen-Cooper -Schrieffer 
theory of superconductivity' to the case where 
two bands with more or less itinerant electrons 
overlap. Such a situation arises in the transi- 
tion elements, in which s -d scattering sup- 
posedly contributes considerably to the resistiv- 
ity in the normal state.* We discuss here the 
corresponding result for the superconducting 
state in some of the transition elements, though 
one may speculate if such effects do not also 
occur in some cases of superconductors with 
s - p bands. 

By analogy with the BCS theory, we write 
down the electron portion of the Hamiltonian re- 





H=De« +E eo ot” 


ko “ks Soe “ko ko xd? ko kk’ ss°kt 


where €xg, €kd are s< and d-band kinetic ener- 
gies, and c*,c and a* ,d the corresponding 
annihilation and erention operators. Ves? Vid 
and V., are the averaged interaction energies 
resulting from phonon emission and absorption 
by s-s, d-d, and s-d processes, minus the 
corresponding shielded Coulomb interaction 
terms. As in the BCS theory, we assume that 
the summations extend only over k values (quite 
different k values in the two bands) correspond- 
ing to energies within a distance +fw of the 
Fermi surface. (fw is of the order of the maxi- 
mum available phonon energy.) 

Following Bogoliubov,*® we introduce the new 
operators e and f by the transformations 
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sulting from emission and reabsorption of a 
phonon. This virtual process may take place in 
four ways, since an s or ad electron may emit 
the phonon, and then, an s or ad electron may 
reabsorb it independently. The phonon involved 
must have a wave number equal to the difference 
in wave numbers of the two electrons, both of 
which must be in the same vicinity of the Fermi 
level as in the BCS theory. For an s -d process 
the phonon involved must therefore have a cer- 
tain minimum momentum, the same minimum 
as in the corresponding resistivity theory. 

The portion of the Hamiltonian that is amenable 
to formation of ss and dd pairs now takes the 
form 


. 
2d Fy Fy dent 


* 


Clay tet 


+. 
sd et -k mi tet et Fs 





The parameters 6, y are determined by substi- 
tuting for c and d in (1), and equating to zero 
the coefficients of e,*e_;* and e_,é,, and simi- 
larly for the f terms. The resulting equations 
are 


— 
€,.,5ind, [V P+V,S]cosé 


ks #6, 


k 
€.q5inY, - VP + V a>! cosy, = 0, (2) 
with 
= 4))siny, [1-2f (E, .)], 
ne a he 


ad ~ 
S= 22/sind, [1 2f (B,D. (3) 


Here f .(Ex<), fq(Exq), respectively, denote the 
number of quasi-particles deriving from the s 


and d bands that are excited to energies Exs: 
Exq> respectively. These energies are 
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The self-consistency conditions for (2) and (3) 
give two simultaneous equations for A and B: 


A[1- VN FM] =BY NF), 


Bil -V N{F(B)] meal a the (4) 





where 


ria) ={ 


0 


hw (€? +A?)¥2 ‘ ~— 
de tan (€7 +A*)”?, 
and where N,, Nq are the densities of states in 
the s and d bands near the Fermi level. 

The transition temperatures are given by the 
quadratic 


V ea, oe > - 2 
Ss +N AV Ves" aar Ol ag tN a V s"ag P| "sd ‘ 


When this equation is solved for F(0), and use is made of the BCS expression for F(0), the transition 


temperature is found to be 





kT. =1.14%w exp 





and both A and B go to zero there. In the special 
case of interband scattering only (V.. =Vqq =0) 
one obtains the same transition temperature as 
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FIG. 1. The gap-pairs for Vg¢= Vqq= 0 and various 
densities of state. The curves for Vo., Vqgq*0 are 
very similar to those shown, except when Voq?«V<Vq. 
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BCS, with a state density (VN), but, unless 
N,=Nq, there are still two gaps. Figures 1 and 
2 show the gaps for a variety of values of the 
parameters. 

These results may obviously be generalized to 
more complicated band structures. When there 
are n distinct Fermi surfaces in k space, the 
pair of equations (4) is replaced by the set 


n 
A.=)2) V.AN.F(A.), (m=1,2... 
i 2» ij j j ( ; ( 


determining the m energy gaps A;. We suggest 
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FIG. 2. When Voqg=0, there are two transition 
temperatures. When V,,7 is finite but much less than 
VogVdd- the lower transition temperature disappears 
in the manner shown. 
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these results as a possible explanation of the fine 
structure observed by Tinkham and co-workers*»® 
in their infrared absorption measurements in 
some superconductors. They may also partly 
account for the rules according to which maxi- 
mal transition temperatures for s - d supercon- 
ductors are observed at conduction electron con- 
centrations corresponding to at least some of 

the maxima in the Ng curve. Even though the d 
electrons may not participate directly in the 
phenomenon of superconductivity (V,=0), the s 
electrons can benefit from the higher density of 


— _— 


states in the d band. 





‘Bardeen, Cooper, and Schrieffer, Phys. Rev. 108, 
1175 (1957); hereafter referred to as BCS. 

*E.g., A. H. Wilson, The Theory of Metals (Cam- 
bridge University Press, Cambridge, 1953), second 
edition, Sec. 9.51. 








RESONANT ABSORPTION OF THE 14.4-kev y RAY FROM 0.10-usec Fe*"t 


We wish to report experiments on the resonant 


w 
3N. N. Bogoliubov, J. Exptl. Theoret. Phys. U.S.88 ¢ 
34, 65 (1958) [translation: Soviet Phys. JETP 7, 41 [ & 
(1958). = 
‘Ginsberg, Richards, and Tinkham, Phys. Rev. Let- 4 
ters 3, 337 (1959). 

5p. L. Richards, thesis, Berkeley, 1959 (to be pub- 

lished). 
R. V. Pound and G. A. Rebka, Jr. 

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts F 
(Received November 23, 1959) i4. 
heat treatments of the source and absorber foils, Fa 


scattering of a recoil-free y ray’ which appears 
to be sharp enough to be used for an experimental 
determination of the “gravitational red-shift,” 

as proposed in our recent note.’ 

Our initial work has been with the 14.4-kev y 
ray of 0.10-microsecond Fe™. Although we first 
worked with a source of the 270-day parent Co” 
extracted from an iron foil kindly irradiated for 
us with the deuteron beam at the MIT cyclotron, 
an intense background of Co™ rendered that source 
poor for our purposes. Most of our work has 
been with Co*”’ obtained commercially. 

About 50 microcuries of Co*”’ was electroplated 
together with added iron onto one face of a one- 
centimeter square of thin Armco iron. 

Initial studies of the absorption of a 0.001-in. 
thick iron foil at temperatures of liquid nitrogen 
and at room temperature indicated that the de- 
sired resonant absorption was present, that the 
ratio of about 3:2 of the magnitudes at the two 
temperatures was in reasonable agreement with 
theory, but that the absorption was small and 


the line was broad compared to its natural breadth. 


In these experiments crude 60-cycle magnetic 
vibrators were used to destroy resonance and to 
observe the line widths. The increase in inten- 
sity available by the use of low temperatures is 
so small that we henceforth operated at room 
temperature, in the interest of stability. 

The supposition that the hyperfine structure 
splittings of the ferromagnetic source and ab- 
sorber were not fully equivalent led us to try 
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A dramatic improvement resulted after the 
source had been held at 950°C for an hour, which 
treatment was expected to result in diffusion of § cot 
the cobalt, if it were retained on the surface tud 
initially, into the lattice a mean distance of abou § cm 
3x107° cm, or 1000 lattice spaces. We have col 
discovered that there was probably about 0.1 mg § eni 
of stable cobalt carrier present in our source are 
which may be important in making such treat- J eff 
ment necessary. With the absorber foil first are 
used, which was found to contain 3% silicon, re-§ att 
placed by one rolled from Armco iron to 11.5 apy 
mg/cm? thickness, and annealed, the line show § ( 
in Fig. 1 was obtained. im: 
These data represent counts above background § re: 
of the 14.4-kev y ray as made with a scintillation J ex: 
spectrometer, using a 0.040-in. by 3-in. Nal(Tl) | 1 
crystal® and a single-channel pulse-height ana- § fer 
lyzer set to accept most of the full-energy peak. § tha 
All but about fifteen percent of the counts in wit 
the channel arose from the y ray, from evidence § sp; 
obtained with absorbing foils. Each point is baself six 
on about 2.3 x10° counts shared equally between § hay 
conditions with the source fixed and with it mov- § po 
ing toward and away from the absorber at con- she 


stant speed. The motion was produced by a the 
moving-coil magnetic transducer on which the In 
source was cemented and which was supplied we 
with a ten-cycle-per-second triangular wave- she 
form of current of adjustable amplitude. spe 


The resonant absorption is halved by a Dopplet § ¢g) 
speed of |v,.|=0.017 cm/sec (which, incidentallf yp 
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FIG. 1. The percentage increase in intensity of the 


14.4-kev y ray as a function of the absolute value of 
the velocity of the source. A velocity of 0.01 cm/sec 


corresponds to only 0.0009 cm peak-peak ampli- 
tude at 10 cps). This is to be compared to 0.0095 
cm/sec to be expected from energy and lifetime 
considerations for a “thin” absorber if no broad- 
ening exists other than from the lifetime. We 

are not certain that our initial difficulties with 
effects from the surface or the cobalt carrier 

are entirely eliminated and we are inclined to 
attribute the residual broadening by a factor of 
approximately two at least partly to such causes. 
Our experimental width at half-height is approx- 
imately 10-** times the velocity of light and rep- 
resents a 100-fold reduction compared to the 
example reported by Mossbauer’ and others.*® 

It is known that hyperfine splitting exists in 
ferromagnetic metals. The 14.4-kev y ray is 
thought to be a magnetic dipolar transition and, 
with an excited state spin of 3/2 and ground-state 
spin of 1/2, the radiation ought to consist of 

six hyperfine components and the absorber should 
have a matched set of six lines. With appropriate 
Doppler speeds at the source, displacements 
should be found that produce partial overlaps of 
the lines, yielding a form of hyperfine satellites. 
Ina limited study, we have found some structure 
we believe to be of this type. The results are 
shown in Fig. 2. We do not wish to take the 

space here to give the straightforward theoreti- 
tal description of the hyperfine structure which 
we will do in a more complete report later. 





corresponds to a frequency displacement of 1.16 Mc/sec. 
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FIG. 2. The increase in intensity for velocities 
large enough to show hyperfine structure. There 
appear to be three principal satellites which probably 
correspond to the hyperfine structure interaction of 
the 0.10-sec metastable, spin 3/2, nucleus with the 
internal effective magnetic field. 


There appear to be three satellite lines, the 
innermost occurring at a speed |v| =0.26 cm/sec, 
corresponding to a frequency shift of 30.5 Mc/ 
sec. The g factor of the ground state of Fe is 
known to be small,®*” although 20 Mc/sec of 
splitting has been observed in stable Fe™ as an 
impurity in silicon.® If the ground-state split- 
ting is negligible—or contributes only to the 
line widths observed-—the three satellite lines of 
integrated intensities 3/4, 1/2, and 1/4 times 
that of the center line would fall at Doppler fre- 
quencies equal to one, two, and three times the 
Larmor frequency of the spin 3/2 excited state 
in the effective classical magnetic field at the 
nucleus in the ferromagnet. According to this 
interpretation the Larmor frequency of the ex- 
cited state is about 30 Mc/sec and its magnetic 
moment is large compared to that of the ground 
state. The breadth of the satellites may be 
caused in part by inconstancy of the speed of the 
transducer during a modulation cycle. We are 
engaged in improving this as well as in process- 
ing a source of much larger activity in the inter- 
est of gathering more detailed data. Until we 
know the details of the hyperfine structure more 
fully, we cannot make an exact comparison of 
the magnitude of the scattering with theory be- 
cause the cross sections depend upon the degree 
of resolution of the lines. 

We are now confident that we can perform the 
gravitational experiment inside the laboratory 
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using this 7 ray from Fe*’. With the line width 
we have found, a measurable shift of the line 
center is predicted by the principle of equiva- 
lence® for the height difference available to us 
inside this laboratory. 

With a source of limited strength, statistical 
fluctuations decrease the definition of the line, 
owing to decreased counting rates, in a way that 
just compensates, assuming the inverse square 
law to apply over the path, the linear increase in 
shift as the height difference between source 
and absorber is increased. Use of very large 
vertical distances do not appear to offer much 
increase in precision. 
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RECOILLESS RESONANCE ABSORPTION OF GAMMA RAYS IN Fe*”’ 


J. P. Schiffer* and W. Marshall 
Atomic Energy Research Establishment, Harwell, England 
(Received November 23, 1959) 


The recent observation that at low tempera- 
tures gamma-ray absorption and emission could 
take place without recoil,’»* has led to the sug- 
gestion that it might be of use in measuring 
hyperfine splittings of gamma-ray lines caused 
by effective magnetic fields acting on the mag- 
netic moment of the nucleus.” This technique 
would be of particular interest in ferromagnets 
and antiferromagnets where other methods of 
measuring these fields are severely limited. 

A particularly favorable case for recoilless 
emission or absorption is in the decay of the 
14-kev first excited state of Fe®’. Here the 
Debye-Waller factor predicts that at room tem- 
perature 63% of the gamma rays should be 
emitted without recoil. A source of Co” has 
been prepared by bombarding a 0.0005-in. Fe 
foil by 4-Mev deuterons from the Harwell Van 
de Graaff accelerator. An absorber of a similar 
Fe foil (containing 2.2% Fe*’) was used with a 
xenon-filled proportional counter to detect the 
14-kev radiation. The source was mounted on 
the diaphragm of a loud speaker. The number 
of gamma rays emerging from the absorber 
with the source moving with a velocity large 
compared to the width of the line was approxi- 
mately 20% larger than the number of gamma 
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rays with the source stationary. This can be 
compared with the 1-2% absorption which has 
been reported at low temperatures previously.’ 
This is approximately in agreement with the 
effect expected from the above Debye-Waller fat 
tor assuming the line to be split by the hyperfine 
interaction (if the latter were zero the effect 
would have been several times larger). The 
effect could be increased by using enriched Fe. 
Cooling the source to liquid air temperatures 
would increase the effect only by about 40%. 

Since the magnetic field in Fe is expected to 
be approximately 200 kilogauss, one would ex- 
pect the hyperfine splitting to be several times 
the line width of 4.5x10~° ev even for the grouni 
state magnetic moment of 0.05 nuclear magneton} 
The excited state presumably will have a larger 
magnetic moment and thus give rise to even 
larger splittings. It should be very easy to in- 
troduce Fe’ into various alloys and compounds 
and obtain relative values of the hyperfine fields. 
These could also be measured easily as a func- 
tion of temperature. Apparatus for such experi- 
ments is under construction. 

It has been suggested by T. E. Cranshaw that 











the size of the absorption and the narrowness 
of the line makes this an ideal case for measuril 
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the gravitational red shift of a photon. At a height 
of 20 meters this would produce a shift in the 
energy of the gamma rays which would be 1% of 
the width. With a one-curie source of Co®’, this 
effect would be measured with 10% accuracy, 

in 20 hours of counting. An experiment to meas- 
ure this is also under way in collaboration with 
Dr. Cranshaw and awaits the successful prepara- 
tion of a source of sufficient intensity.* 





“John Simon Guggenheim Fellow on leave from 


Argonne National Laboratory, Lemont, Illinois. 

'R. L. Mossbauer, Z. Naturforsch. 14a, 211 (1959). 
Craig, Dash, McGuire, Nagle, and Reiswig, Phys. 
Rev. Letters 3, 221 (1959). 

2Lee, Meyer-Schutzmeister, Schiffer, and Vincent, 
Phys. Rev. Letters 3, 223 (1959). 

3after the conception of this last experiment it came 
to our attention that this application of recoilless reso- 
nance absorption has also been proposed by D. H. 
Wilkinson and by A. Boyle and S. Devons several 
months before us. It has also been suggested more 
recently by R. V. Pound and G. A. Rebka, Jr., Phys. 
Rev. Letters 3, 439 (1959). 





NUCLEAR FRAGMENTS PRODUCED IN THE HEAVY ION BOMBARDMENT OF ALUMINUM* 


C. E. Anderson, W. J. Knox, A. R. Quinton, and G. R. BachT 
Yale University, New Haven, Connecticut 
(Received November 13, 1959) 


We have observed reaction products ranging 
from lithium to fluorine produced by bombarding 
aluminum with 160-Mev oxygen ions. The data 
were taken by means of a plotting oscilloscope 
which recorded the energy and rate of energy 
loss of each particle. The energy detector was 
a CsI scintillator and the dE /dx detector was a 
short proportional counter. A photographic 
record of 2000 particles is shown in Fig. 1. Each 
spot represents a detected particle. Its location 
on the photograph is determined by its energy 





FIG. 1. 


Photographic record of nuclear fragments 
emitted at 15° in the bombardment of Al by 160-Mev 


oxygen ions. E increases to the left and dE /dx in- 
creases upward. The three most prominent lines in 

the center are due to oxygen, nitrogen, and carbon 
fragments; the solid line at the bottom is due to helium; 
also visible but less conspicuous are lines due to lithium, 
beryllium, boron, and fluorine and a few heavier frag- 











ments. 


and its rate of energy loss. Each curved line 
represents particles of the same Z, since dE /dx 
is approximately proportional to MZ’/E. This 
simple relationship is modified by the dependence 
of the pulse-height response of CsI on the type 
and energy of particle’ as well as by the depend- 
ence of the effective charge of the particle on 
energy. In principle each curve could be further 
separated into isotopes. The lack of separation 
may be due to insufficient detector resolution 
but also may be due in these photographs to the 
ratios of yields of different isotopes, i.e., an 
isotope in large yield may obscure small yields 
of adjacent isotopes. 

The energy spectrum and angular distribution 
in the laboratory for each element can be de- 
termined by counting and measuring the CsI 
pulse-height coordinates of spots on photographs. 
Photographs to be counted are limited to about 
200 particles to reduce the possibility of over- 
lapping spots. 

Preliminary results obtained from 10 photo- 
graphs at each angle of observation are shown 
in Figs. 2 and 3. Figure 2 shows the total number 
of particles emitted of each element (independent 
of energy) as a function of laboratory angle. 
Figure 3 shows the energy spectra of emitted 
carbon fragments in the center-of-mass system 
at various center-of-mass angles. The center- 
of-mass transformation was made assuming that 
the carbon fragments were of mass 12. 

Table I gives the total cross section for the 
production of each element obtained by numerical 
integration of the yield as a function of the labor - 
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FIG. 2. 


Total numbers of particles per unit solid 
angle versus laboratory angle of observation. 


atory angle. The cross sections for Li and Be 
are minimum values since the angular distri- 
butions are rather flat and larger angles may 
make appreciable contributions. Relative cross 
sections for B, C, N, and F are estimated to be 
accurate to + 20% while the errors on the absolute 
cross sections are estimated to be about + 50%. 
The value for the oxygen cross section depends 
on how the separation of elastic from inelastic 
events is made. 


Table I. Total cross sections in millibarns for 
production of nuclear fragments in the bombardment 
of Al by 160-Mev oxygen ions 








Element o (mb) 
Fluorine 30 
Oxygen (inelastic) 150-300 
Nitrogen 170 
Carbon 210 
Boron 60 
Beryllium >20 
Lithium >30 
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FIG. 3. Differential cross section in millibarns per 
Mev per steradian for carbon fragments in the center- 
of-mass system. 


Fragments produced in the bombardment of a 
polyethylene target by 160-Mev oxygen ions have 
also been observed by visual inspection of pic- 
tures similar to Fig. 1. Qualitatively the spectra 
and relative numbers of particles in this reaction 
are very similar to those of the oxygen on alumi- 
num reaction except for an obvious difference 
in elastic scattering at the smallest angles of 
observation. 

We interpret these results in the following way: 

1. The relatively flat angular distribution of 
Li products as well as their low cross section 
(an order of magnitude less than that of a parti- 
cles observed, but not shown here) suggest their 
production by evaporation from a compound 
nucleus.” A similar argument applies, but less 
strongly, to the Be products. 

2. The very large cross sections for the heavier 
fragments definitely rule out evaporation proc- 
esses even without considering their angular 
distributions. 

3. Comparison with radiochemical data* shows 
that the radiochemically observable products 
form only a small fraction of the total yield for 
fragments lighter than the projectile. The thick- 
target C™ cross section is about 1% of our ob- 
served carbon fragment cross section at 160 
Mev. Similarly the N’* cross section is 2 or 3% 
of our observed nitrogen fragment cross section. 
This indicates that the more stable isotopes are 
produced with much greater cross section than 
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the previously observed radioactive products. 

4. The angular distributions of carbon fragments 
are strongly peaked at forward angles in the 
center-of-mass system. This is particularly 
true for those fragments whose velocity approaches 
that of the incident oxygen ion. These observa- 
tions suggest that “impact disintegration” or 
“stripping” of the projectile plays a large part 
in the production of fragments lighter than the 
projectile. This is also supported by studies of 
stars produced in nuclear emulsions by energetic 
carbon‘ and nitrogen’ ions. 

5. The fluorine fragment cross section, al- 
though much lower than that for C, N, and O, is 
still rather large compared to observed cross 
sections for nucleon transfer processes.® The 
fluorine fragments are also of conspicuously 
lower energy than the C, N, and O fragments. 
Thus it is suggested that the fluorines may be 
produced by breakup of target nuclei although an 
appreciable part of the cross section may still 
be due to nucleon transfer to the projectile. 

6. The qualitative lack of dependence of the 
products of high yield on the nature of the target 
indicates that processes involving breakup or 
stripping of the projectile predominate in these 
observations. 

7. The observed cross section for fragmenta- 
tion represents a large fraction of the geometric 
cross section for this reaction. This may be 
related to the high angular momentum involved 
in heavy-ion reactions (the rms angular momen- 


tum in this reaction is about 30%). Calculations 
using the liquid drop model of the nucleus indi- 
cate that the compound nucleus may not be formed 
in collisions involving such high angular momen- 
tum.’ 

More detailed studies of specific reaction 
products will be made. It is hoped that the iso- 
topes of some of the products may be separated 
using this experimental technique. 





* 

This work has been supported by the U. S. Atomic 
Energy Commission. 

‘National Science Foundation Undergraduate Summer 
Research Grant. 

‘Quinton, Anderson, and Knox, Phys. Rev. 115, 886 
(1959). 

*J. Hudis and J. M. Miller, Phys. Rev. 112, 1322 
(1958). 

3R. Kaufmann and R. Wolfgang, Phys. Rev. Letters 
3, 232 (1959). 

43. F. Miller, University of California Radiation 
Laboratory Report UCRL-1902, 1952 (unpublished). 

‘Parfanovich, Rabin, and Semchinova, J. Exptl. 
Theoret. Phys. 31, 188 (1956) (translation: Soviet 
Phys. JETP 4, 99 (1957)]. 

SVolkov, Pasiuk, and Flerov, J. Exptl. Theoret. 
Phys. 33, 595 (1957) (translation: Soviet Phys. JETP 
33, 459 (1958)]; Fisher, Zucker, and Gropp, Phys. 
Rev. 113, 542 (1959); Karnaukhov, Ter-Akop’yan, and 
Khalizev, J. Exptl. Theoret. Phys. 36, 748 (1959) 
[translation: Soviet Phys. JETP 36, 525 (1959)]; J. A. 
McIntyre (private communication). 

™R. Beringer and W. J. Knox (private communication). 





DISTRIBUTION OF PARTIAL RADIATIVE WIDTHS IN Cu*® 
FOLLOWING PROTON CAPTURE IN Ni*® 


J. H. Carver* and G. A. Jones 
Atomic Energy Research Establishment, Harwell, England 
(Received November 16, 1959) 


In view of recent interest’’? in the distribution 
of partial radiative widths, it seems appropriate 
to publish some preliminary results from analy- 
sis of radiative capture of protons in Ni*®. Ina 
previous Letter,°® a distribution of total radiative 
widths was given; in addition, using two 5-in. 
diam x6-in. long NaI detectors, we have obtained 
information on partial radiative widths by taking 
spectra of the y radiation at 0° and 90° to the 
proton beam. Measurements have been made on 
48 of the larger, better separated, resonances. 
If the intense components of the spectra are 


predominantly dipole, the ratio of yields at 0° 
and 90° gives a strong indication of the spin of 
the resonant state in Cu®*. The estimated radia- 
tive widths for emission of radiation of energy 
5 Mev are: El, 2 ev; M1, 0.04 ev; E2, 7x10 
ev; M2, 1.5x10-° ev. These estimates are de- 
rived from Blatt and Weisskopf,* taking 60 kev 
as an estimate of the mean spacing of levels in 
Cu®® of given J at the excitation energy con- 
cerned® and 5 Mev for the “single-particle 
spacing” D,. Since we are dealing with reso- 
nances for which the total radiative widths fluc- 
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FIG. 1. Frequency distribution of partial radiative widths in Cu®®. The radiative widths 
are referred to a particular transition as 100 units—see text; the ordinate is the number of 
radiative widths, in an interval of 2 such units, obtained from 48 resonances. 





h 
n 
( 
tuate between 0.01 and 2 ev and are concerned rated out and this may account for the prepon- tl 
with a nucleus near double closed shells for which derance of small transitions. c 
enhancement of E2 radiation is unlikely, it is (2) The selection of transitions is not free from] o 
highly probable that the larger partial widths are bias since analysis is easier for spectra having g 
pure E1 while the smaller ones may be pure F1, a strong transition to ground. This results ina is 
or M1 with an admixture of E2 of perhaps up to lack of near-zero radiative widths to ground and, ] p 
20% in amplitude. because of difficulty in seeing feeble lines in the ] n 
So far we have been able to infer the spins of presence of more intense neighbors, a loss of te 
23 of the levels in Cu®®, and for these we can near-zero transitions to the two excited states. 
distinguish between transitions unobserved be- This latter loss is accounted for completely when § y 
cause of dipole selection rules and transitions the spin of the resonant state is known. si 
known to be dipole but below the experimental (3) The level density may not be proportional is 
threshold of observation. We present in Fig. 1 to (2J+1), so combining observations without e 
the combined distribution of partial widths of regard to spin will distort the true distribution. si 
transitions to the ground state or the first or It is hoped to determine more completely the (t 
second excited states (at 0.492 and 0.908 Mev). spins and parities of states in Cu®® by elastic p 
The data consist of all detected transitions to one scattering of protons in Ni®®, in which case in- 
or other of these three states augmented by the formation will become available on all three c 
above-mentioned unobserved, but definitely di- issues. Even at this stage of analysis, the data 1 
pole, transitions. The widths have been corrected presented here and in our previous communica- fc 
for dependence upon y-ray energy and for depend- tion indicate that partial radiative widths are D 
ence of level density upon excitation by normal- widely distributed and are consistent with the c) 
izing to the point at 100 units in the plot, which theoretically predicted distribution. This con- ir 
corresponds to a partial width of 1 ev and an en- clusion contrasts with that inferred from other J] h 
ergy (and excitation) of 5.25 Mev. The g factor data, referred to above,' for neutron capture in J y 
has been ignored and also the dependence upon a heavy element. 
J of the level density correction; for a level den- One of us (J.H.C.) is indebted to Dr. E. Bret- W 
sity proportional to (2J+1) the two factors cancel. _scher and Dr. E. B. Paul for the facilities made | 9 
The distribution is seen to agree closely in available to him while visiting Harwell. li 
shape with a Porter-Thomas’ distribution having b 
v=1 and has the appropriate relationship between *On leave of absence from Australian National Uni- a 
mean and variance. The close agreement may be versity, Canberra, Australia. d 


partly fortuitous because of the following points: ‘Hughes, Brussel, Fox, and Zimmerman, Phys. 
(1) £1 and M1 transitions have not been sepa- Rev. Letters 2, 505 (1959). 
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*Bollinger, Coté, and Kennett, Phys. Rev. Letters 
3, 276 (1959). 
~ 43, H. Blatt and V. F. Weisskopf, Theoretical Nu- 
clear Physics (John Wiley and Sons, Inc., New York, 





1952), Chap. XII. 
5J. H. Carver and G. A. Jones (to be published). 
6C. E. Porter and R. G. Thomas, Phys. Rev. 104, 
483 (1956). 





MEASUREMENTS ON THE 2° -p TOTAL SCATTERING CROSS SECTIONS 
IN THE ENERGY RANGE OF 0.4 to 1.5 Bev 


J. C. Brisson, J. Detoef, P. Falk-Vairant, L. van Rossum, G. Valladas, and Luke C. L. Yuan* 
Service de Physique Corpusculaire 4 Haute Energie, Centre d’Etudes Nucléaires de Saclay, France 
(Received November 25, 1959) 


Studies on the photoproduction of 7 mesons in 
hydrogen have shown the probable existence of a 
new 7-nucleon “resonance state” at a total energy 
(proton mass deducted) of E* -mp ~ 570 Mev’ in 
the center-of-mass system. The 7a -p scattering 
cross sections? appear to confirm the existence 
of such a state. Recent scattering measurements® 
gave the position of this state at 615 Mev which 
is slightly different from that obtained in the 
photoproduction results. These same measure- 
ments also show a second maximum in the a -p 
total scattering cross section at around 780 Mev. 

We have undertaken to make absorption meas- 
urements of 7+ in hydrogen with a highly energy- 
selected 7 beam. The mean energy of the 7 beam 
is determined to an accuracy of + 1% and the 
energy resolution is + 1.8% including multiple 
scattering effects in the window and counters 
(the resolution is + 0.9% not including the multi- 
ple scattering effects). 

The results obtained in the present experiment 
confirm the existence of the two maxima in the 
1” -p total cross sections but the energy values 
for these maxima differ appreciably from the 
previous results.* The absolute values of the 
cross sections in the region of the peaks obtained 
in the present experiment are also considerably 
higher than those obtained in the previous meas- 
urements. 

The 7 beam is obtained from a carbon target 
which is placed in one of the straight sections 
of the Saclay proton synchrotron at an angle of 
18.5° from the direction of the accelerated proton 
beam. The 7 beam is then momentum analyzed 
and focussed on to a liquid hydrogen target. The 
direction of the 7 is defined by a counter telescope 
to about + 0.5° and within a circular area of a 
diameter of 6 cm at the entrance of the target. 


The separation of 7* from protons was achieved 
by the time-of-flight method. The hydrogen 
target is 40 cm long and it subtends an angle of 
6° at its center by the last counter (15 cm in 
diameter) of the telescope at a distance of 72 cm. 
The attenuation of the beam by the empty target 
does not exceed 20% of that by the filled target. 

The energy of the 7 is determined by the wire 
method in terms of current values in the analyz- 
ing magnet. In order to avoid possible errors, 
due to hysteresis effects when reversing and 
changing the field, a Hall-effect gauge is provided 
to monitor the magnetic field constantly. A 
magnetic shield at the exit of the beam from the 
straight section of the proton synchrotron serves 
to eliminate any effect on the 7 beam due to the 
fringing field of the machine, thus assuring a 
symmetry of the beam for the two polarities. 
The energy of the 7 is measured directly as well 
as indirectly by the following methods: (a) by a 
differential range curve of the protons of 800 
Mev/c; (b) by differential range curves of n* of 
400 and 500 Mev/c and 1” of 400 Mev/c; (c) by a 
determination of the velocity of the protons of 
800 Mev/c by the time-of-flight method. All 
these measurements are in agreement within 
+1%. We have adopted the energy values ob- 
tained by the wire measurement taking into ac- 
count the corrections due to energy losses in 
the counters and in the air. 

The p-meson and electron contamination in 
the beam have been determined at six different 
energies by means of a gas Cerenkov counter 
employing CO, or C,H,, the details of which will 
be described elsewhere. These contaminations 
amount to about 30% at 400 Mev and they drop 
to around 7% at 1 Bev. The other corrections 
which have been taken into account here are as 
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follows: (a) correction due to accidentals in the 
background 21.1%; (b) correction due to elastic 
scattering of 7 or proton in the last counter 
1.7 mb; (c) correction due to inelastic scatter- 
ing in the last counter £0.5 mb; (d) correction 
due to scattering in air in the empty target 
0.5 mb. 

The correction due to elastic scattering has 
been estimated by using the scattering cross- 


Table I. 


section values in the forward direction which 
are deduced from the dispersion relations* and 
which are in agreement with the experimental 
results.‘ The correction due to inelastic scat- 
tering is estimated based on experimental re- 
sults? and assuming an isotropic distribution in 
the center-of-mass system. 

The results are given in Fig. 1 and in Table I. 

We wish to express our thanks to the staff of 


Total scattering cross sections. 



















Corrections Errors 
Pion kinetic For beam On beam Total scattering 
energy® (lab) contamination? Others® Statistical contamination Others cross section 
(Mev) (%) (mb) (mb) (mb) (mb) (mb) 
nm -p total scattering cross section 
373 35 0.95 0.9 0.9 0.5 28.92+1.4 
426 28 0.95 1.0 0.9 0.5 29.521.4 
468 25 1.00 0.64 0.9 0.5 30.021.2 
518 20 1.05 0.55 1.0 0.5 34.921.3 
567 18 1.14 1.27 1.3 0.5 44.6+1.9 
591 17 1.20 0.82 1.4 0.6 45.8+1.7 
604 16 1.25 1.15 1.4 0.6 45.52+1.8 
616 16 1.30 0. 84 1.4 0.6 45.12+1.7 
643 15 1.36 1.57 1.3 0.7 44.4+2.2 
665 14 1.46 0.63 1.0 0.7 39.2+1.4 
719 12 1.70 0. 86 0.9 0.8 35.121.5 
749 12 1. 84 0.94 0.9 0.9 37.621.6 
769 10 1.90 1.48 0.9 0.9 37.4+2.0 
819 10 2.10 0.99 1.2 1.0 47.9+1.9 
840 9.5 2.20 1.17 1.4 1.1 54.6+2.1 
868 9.5 2.30 1.56 1.5 } | 58.6+2.4 
890 9.5 2.37 1.26 1.4 1.2 57.8+2.2 
918 9.0 2.46 1.35 1.6 1.2 54.5+2.4 
943 9.0 2.60 1.72 1.5 1.3 50.4+2.6 
972 8.5 2.64 1.15 1.3 1.3 44.7+2.2 
1014 8.0 2.64 0.95 1.2 1.3 39.6+2.0 
1076 8.0 2.56 0.96 1.1 1.3 35.9+2.0 
1150 7.5 2.40 1.17 1.1 1.2 35.5 +2.0 
m* -p total scattering cross section 
382 30.7 1.64 0.76 1.2 0.8 40.78 + 1.62 
476 20.5 1.25 0.56 0.7 0.6 23.67 + 1.08 
574 17.0 1.0 0.42 0.5 0.5 17.37 + 0. 82 
633 13.0 0.9 0.40 0.45 0.4 15.16 + 0.72 
673 11.7 0.86 0.39 0.37 0.4 14.77 + 0.67 
778 9.3 0.92 0.39 0.49 0.5 19.44 + 0. 80 
827 8.5 0.95 0.34 0.53 0.5 21.36 20.81 
847 8.2 0.95 0.34 0.57 0.5 22.42 + 0.83 
872 8.1 1.0 0.44 0.55 0.5 21. 85 + 0. 86 





“The uncertainty on the energy is +1%. The momentum spread of the beam is +1.8%. 
The contamination is the ratio (u+e)/n of the total number of p’s and electrons in the beam to the number of 7’s. 
°These include correction for elastic and inelastic scattering of particles into the last counter, and correction 
for scattering by air in the dummy target. 
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FIG. 1. Total 7 -p and 1’-p scattering cross sec- 
tions as a function of the 7 energy in the laboratory 
system. 
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*Permanent address: Brookhaven National Labora- 
tory, Upton, New York. 

'De Wire, Jackson, and Littauer, Phys. Rev. 110, 
1208 (1958); Heinberg, McClelland, Turkot, Woodward, 
Wilson, and Zipoy, Phys. Rev. 110, 1211 (1958); R. R 
Wilson, Phys. Rev. 110, 1212 (1958). 

Cool, Piccioni, and Clark, Phys. Rev. 103, 1082 
(1956). 

3Burrowes, Caldwell, Frisch, Hill, Ritson, Schluter, 
and Wahlig, Phys. Rev. Letters 2, 119 (1959). Also 
private communication from Barish, Devlin, Hess, 
Moyer, Solomon, and Perez-Mendez who have recently 
obtained similar results. 

41958 Annual International Conference on High- 
Energy Physics at CERN, edited by B. Ferretti (CERN 
Scientific Information Service, Geneva, 1958), p. 65. 











NEUTRAL BRANCHING RATIOS OF A AND K° PARTICLES* 


J. L. Brown, H. C. Bryant, R. A. Burnstein, D. A. Glaser,! R. W. Hartung, J. A. Kadyk, ! 


D. Sinclair, G. H. Trilling, J. C. Vander Velde, and J. D. van Putten 
University of Michigan, Ann Arbor, Michigan 
(Received November 23, 1959) 


The neutral branching ratios of A and K° parti- 
cles, defined by the relations 
Z w(A—-n+m7°) 
A w(A-n+n°) +w(A—p+n-)’ 
_ w(K,° ~1°+n°) 
K  w(K,° — 1° +27°) +w(K,° = 1+ +77)’ 





B 





have already been investigated in hydrogen and 
propane bubble chamber experiments.'~* Be- 
cause of the low gamma-ray detection efficiency 
of these devices, the statistically most signifi- 
cant results of these experiments have been 
based on comparisons of the numbers of associ- 
ated AK,°, single A, and single K,° decays via 
charged modes, rather than on direct detection 
of the neutral decay modes. On the other hand, 
the short radiation length of xenon makes it an 
ideal bubble chamber liquid for gamma-ray 





observation, and its use therefore permits the 
direct detection of the neutral decay modes with 
high efficiency.* We have taken 160000 photo- 
graphs in a 21-liter xenon bubble chamber ex- 
posed to a a~ beam of 1.0-1.1 Bev energy at the 
Berkeley Bevatron, for the purpose of making 
direct observations of the neutral decay modes. 
The results reported in this Letter are based on 
an analysis of about half of these pictures. Work 
on the rest of these data is now in progress. 
Decay events with neutral secondaries were 
accepted in the samples used for the determina- 
tion of B, and By only if they contain two, 
three, or four electron pairs whose parent 
gammas originate at a common point inside the 
xenon. Furthermore, all charged and neutral 
A decays used in the measurement of By, are 
associated with a K° decaying via its charged 
mode inside the chamber. Similarly all K° de- 
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cays used in the determination of Bx are associ- 
ated with a A decaying via its charged mode in 
the chamber. With these requirements, we are 
sure of high scanning efficiency and unambiguous 
identification for the neutral decay modes. The 
expected energy and angular distributions of the 
gamma rays were computed from our observa- 
tions of the charged decay modes, and were 
combined with the theoretical pair -production 
cross sections to obtain the conversion efficien- 
cies. The results of this calculation were that 
the probability of converting both gammas from 
the neutral decay mode of the A is about 48%, 
whereas the chance of converting two, three, or 
all four gammas from the neutral decay mode of 
the K,° is about 92% for the fiducial volume 
chosen. 

After suitable correction for scanning efficien- 
cies, we obtain the results 


By =0.33 40.07, based on 14 A~n+n° decays, 


By =0.25+0.05, based on 21 K,°~1°+7° decays. 
The errors quoted are statistical standard devia- 
tions. These numbers may be compared with 
the predictions of the AJ=1/2 selection rule, 
namely that B, =1/3 and 0.28 < By <0.38.° The 
predicted value of B, is based on strict applica- 
tion of the AJ=1/2 rule, whereas the prediction 
for Bx is based on the assumption of no AJ=5/2 
and enough admixture of A4J=3/2 to account for 
the observed rate of the decay K*=~77+7°.% Our 
results are seen to agree satisfactorily with 
these predictions. 

Further information can be obtained if we adopt 
an approach similar to that used in the analysis 
of hydrogen and propane bubble chamber experi- 
ments, confining ourselves for this purpose to 
the study of the charged decay modes. We can 
consider, for example, all interactions which 
have the following properties: (1) a K° is pro- 
duced and decays via the mode K,°~1++7°; 

(2) no charged strange particle emerges from 
the interaction.’ Under the assumption of strange- 
ness conservation, there should also be a A emit- 
ted in each of these interactions, either directly® 
or as the decay product of a Z°. If we define R , 
as the fraction of such interactions in which the 
decay A~p+n~ subsequently occurs, then the 
fraction in which the neutral mode A —n +7° 

occurs will be given by RAB, /(1-Ba). We can 

now define 





A‘1-B 
A 


RB 
deat A_A 
xyet-[ey tea] 





as the fraction of such interactions that do not 
have an associated decay A ~ nucleon + pion. 
After suitable correction for scanning efficien- 
cies and A decays which occur outside the bubble 
chamber, we find 
Ry = 0.58 + 0.06. 
Combining this result with our value of By, we 
obtain 
xX, =0.13 + 0.07. 
By a similar argument we can obtain values 
for the corresponding quantities Ry, and X,. 
For this purpose we select all interactions from 
which a A~p+zm is emitted, and which also 
satisfy restriction (2) above. If we let Ry be the 
fraction of such interactions in which the decay 
K,°~1*+7m~ occurs, then the fraction in which 
the neutral mode K,°~7°+7° occurs will be given 
by RKB, /(1 - Bx), and we can define 


R_B 
X =1-[ + ed 





K K 1-B, 


Our results for Rx and X, are 


R_,=0.4 -04 =0.47+ 0.04. 
K 0.40 + 0.04, Xx 0.47+0.0 


From these results we draw the following 
conclusions: 

(i) The value of By, is consistent with the A/ 
=1/2 rule; the value of Br is consistent with a 
A4/ =1/2 transition and a small admixture of 
Al=3/2. 

(¢) Our value of X, is in excellent agreement 
with the prediction of the particle mixture theory 
that the numbers of K,° and K,° are equal. 

(iii) The small deviation of X , from zero can 
probably be ascribed to the production of a small 
number of hyperfragments which would be un- 
detected in our chamber. For this reason the 
difference between our value of R, and that ob- 
tained by Crawford et al.* in a hydrogen bubble 
chamber, namely 0.63 20.03, may in part be 
real. Indeed, if we combine our value of B, and 
the Berkeley value of R,, we obtain that 0.94 
+0.11 of all A particles decay into a nucleon and 
pion. 

We wish to express our gratitude to the staff 
of the Lawrence Radiation Laboratory for making 
this work possible, and especially to our many 
friends at the Bevatron who helped us very much 
during this experiment. 
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®Phase space corrections arising from the mass 
differences between neutrons and protons, and between 
x* and x° are much smaller than our statistical errors. 
and have, therefore, been neglected. 

"This requirement is imposed by restricting ourselves 
to those interactions from which all charged prongs 
stop without decaying inside the chamber. 

8When we speak of a directly produced A, we mean 
that the hyperon which leaves the xenon nucleus in 
which the production takes place is aA. We make no 
distinction between a A which is actually the product 
of the initial pion-nucleon collision, and one which 
arises from the secondary interaction, in the same 
nucleus, of an initially produced 2. 





SEARCH FOR 7,,°- 3y* 


R. P. Ely? and D. H. Frisch? 
Physics Department and Laboratory for Nuclear Science, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 
(Received November 4, 1959) 


The possible existence of a neutral meson of 
isotopic spin zero has been discussed in many 
connections.’ The present note reports an experi- 
ment? to look for such a meson, using a method 
which covered only a small part of the possible 
mass spectrum, and which could detect the 3, 
decay of a neutral meson of mechanical spin one, 
the 7,,°, but which could not detect the 2y decay 
of the ordinary 7°. A small net effect of the form 
we sought was observed. However, because of 
the complexity of the expected background pro- 
cesses at such low cross sections, our experi- 
ment is not at all conclusive. 

The experimental arrangement is shown in Fig. 1. 
The 160- Mev unpolarized external proton beam 
of the Harvard cyclotron falls on a 0.6-g/cm? 
target of ordinary lithium. A y ray coming from 
the target is detected by one of three high-Z 
energy- sensitive Cerenkov counters. The 
Cerenkov liquid is C,H,Br,, with a radiation 
length of 4.5 cm and an index of refraction such 
that protons of less than 210 Mev kinetic energy 
cannot give Cerenkov light directly. A counter 
consists of a C,H,Br, cylinder 13 cm long by 15 
cm in diameter, viewed at each end by an RCA 
No. 7046 14-stage photomultiplier (shown on C, 
only) and placed with the counter axis normal to 
the direction from the target. 


The threshold bombarding energy for production 
of ordinary 7° mesons in the reaction p + Li’ 
~ Be®+7° is 135 Mev. The maximum kinetic en- 
ergy with which an ordinary 7° can emerge at 120° 
in the laboratory is 21 Mev. The line from the 


RCA “7046 







— 








FIG. 1. Counter arrangement for twofold coincidence 
detection of y rays from 19° > 3y. 
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target to each counter makes an angle of 120° 
with the beam direction. With the counters set 
at the angles shown (a = 95° subtended by the 
center line of each pair of counters at the target), 
twofold coincidence detection of the two y rays 
from the 7°~2y decay by any part of the exposed 
area of the counters is forbidden kinematically. 
On the other hand, two of the three y rays from 
1,9 ~ 3y can make a twofold coincidence in any of 
the three pairs of counters, provided such a 7,,° 
can be produced at all. Note that the solid angle 
subtended by each counter (10°* sterad) is such 
that no appreciable number of triple coincidences 


from 7,,.° ~ 3y could be expected in this experiment. 
10 Y 


The purpose of having three counters instead of 
two is only to give a badly needed factor of three 
in intensity. 

In addition to kinematic selectivity, the counters 
are biased so as to give appreciable energy se- 
lectivity. Their pulse-height responses were 
studied as a function of the energy of monoen- 
ergetic electrons produced by the MIT synchro- 
tron. Their differential cosmic-ray pulse-height 
responses were used to monitor the biases 
during the run. 

In order to run at high beam intensities, con- 
siderable effort was made to suppress the large 
neutron background. The mechanism by which 
neutrons could give counts with an efficiency of 
about 10~* in the C,H,Br,, and also in the lead 
glass counters used in preliminary runs, was 
not studied. The part of the background not 
associated with the target was reduced by shield- 
ing the detectors by 32 in. of lead and by replac- 
ing the air in the beam path with hydrogen. 
Crude absorption curves indicate that the resid- 
ual target-associated singles at typical biases 
were about half neutrons and half y rays. We 
estimate from the yields given below that 7° 
decay accounts for most of the detected y rays 
coming from the target. 

To suppress accidental counts, fast coincidences 
(3x10~* sec) between all four photomultipliers 
of each of the three possible pairs of counters 
were made in Berkeley circuits® set at low bias. 
To give energy discrimination, the pulses from 


Table I. {do(90°)/d2)_» for several elements, in units of 107° em? sterad™ nucleus~!. 


each pair of photomultipliers on a given counter 
were then added, gated by the fast coincidence, 
and put through a Moody discriminator. The 
final coincidence outputs were formed by a redun- 
dant set of slower (20x107° sec) coincidence cir- 
cuits. Delayed accidental coincidences between 
events from successive cyclotron pulses 42 x10° 
sec apart were similarly processed and separately 
recorded in a parallel set of electronics. In orde 
to remove systematic differences between the two 
sets, their roles were interchanged periodically 
between two modes of operation, called “X” and 
ay.» 

First the excitation curve for ordinary 1° ~2y 
was measured with only one pair of counters; 
they were both at 90° to the beam axis and sub- 
tended an angle a = 150° at the target (see Fig. 1). 
The beam energy was varied by use of CH, ab- 
sorbers, relying on the calculated ionization 
loss. The yield of 7°’s from lithium as a function 
of proton energy is given in Fig. 2. The yields 
at a = 150° and a fixed energy Ep» = 160 Mev are 
compared for a few different elements in Table 
3 

Then with the counters moved to the symmetric 
position shown in Fig. 1, with a = 95° for each of 
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inter Table II. Summary of coincidence data at a=95°. limit a factor of two lower than this for production 

ice, of any neutral meson in another reaction d+d 

7 —y 6 = Pee Delayed b ~7°+He*, with considerably more energy available 

redee- mode counts coinc. coinc. Net for the 7° in the c.m. system. 

e cir- Beam energy = 160 Mev In order to tell whether the net effect we ob- 

reen serve is statistically and instrumentally well 

x107 x 3900 55 32 23 established, and in order to study the background 

aratelj aE aa Pi b- a processes in detail, we would have to work at a 

1 order higher counting rate, requiring in turn consider - 

re two Beam energy = 133 Mev able reduction of the target-associated background 

cally xX 3900 30 37 -7 processes (2) and (3) above. This is very dif- 

and Y 2600 30 16 +14 ficult to accomplish using a lithium target, but 
Total 6500 60 53 7 might be done by bombarding a hydrogen target 

-2y a x fs . with 350-Mev protons. Normal p-wave 7° pro- 

3; et eT CaS Ey pe. , duction is known to be suppressed by the parity 

y For comparison, the equivalent net ordinary 7 : 

ub - coincidence counts (a = 150°) at 160 Mev would be 2145 and angular momentum selection whem, Dus ane 

g. 1). § for 7150 monitor counts. is no reason to believe that 7,,° production would 

ib - be suppressed. A collimated beam of 10° protons 

per seconds should suffice for a 2)-detection 

ction counter experiment like this one. To provide suf- 

ds the three pairs of counters, the data given in ficient solid angle for the conclusive detection of 

re Table II were obtained. The net rate observed all three 7 rays, the hydrogen target would need to 

ble at 160 Mev was (2.04 0.6) % of that from three be surrounded by a high-Z bubble chamber or 

pairs of counters counting ordinary 7°’s in the electronic hodoscope. 
etric J «= 150° position. We thank Professor Richard Wilson and other 
h of Of the many types of background considered, workers at the Harvard cyclotron for their kind 





| 


only the following processes are expected to 
contribute appreciably to this net rate: (1) cosmic- 
ray coincidences, measured to give (20+ 2) % of 
the above net rate, (2) coincidences between one 

of the electrons and the gamma in the Dalitz pair 
decays, 7°~e*+e~+y, estimated to give (10+3)%, 
and (3) coincidences between one of the y rays 
from the 7° and the nuclear y ray in the reaction 


p+ Li’ — Be®™* + 7° ~ Be®+(17 Mev)+ 2y, 


estimated to give (8 + 4) %. 

The corrected net rate at Ep = 160 Mev, after 
subtracting these three backgrounds, is (1.2 +0.6)% 
of the a = 150° ordinary 7° equivalent counting 
rate. [At Ey = 133 Mev the net rate is (-0.140.5) %.] 

This rate would correspond to a differential 
cross section for production of the 7,,° of (do/dQ), ° 
=(1.6+ 0.8) x10°** cm? sterad™ (lithium nucleus) ~*, 
or (2+1)x10°** cm? sterad™* nucleon™?. 

Akimov et al.* have in the meantime set an upper 
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HIGH-ENERGY TOTAL CROSS SECTIONS FOR POSITIVE PIONS AND PROTONS ON HYDROGEN* 


Michael J. Longo, Jerome A. Helland, Wilmot N. Hess, Burton J. Moyer, and Victor Perez- Mendez 
Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received November 23, 1959) 


On the basis of dispersion relations, Pomeran- 
chuk has shown that if the (n*,p) and (7~,p) total 
cross sections approach constant values at high 
energies, these limits must be equal.’ Consider- 
able information is already available on the (7, p) 
total cross sections in the Bev range.*"* We 
present the results of an experiment at the Berke- 
ley Bevatron in which (7+,p) cross sections be- 
tween 1.4 and 4.0 Bev/c were measured. Data 
on (p,p) total cross sections are also presented. 

The experimental arrangement is shown in Fig. 
1. Positive particles produced when the circu- 
lating proton beam strikes a target are bent 
inwards towards the center of the Bevatron by 
the magnetic field. In order to obtain positive 
pions with the highest possible momentum, the 
pion beam was brought out of the machine through 
a window on the inside radius. The beam is fur- 
ther deflected by bending magnets to keep it clear 
of the Bevatron structure and is focused by an 
8-in.-bore doublet quadrupole. 

Scintillation counters M,, M,, and M,, each 13 
in. in diameter, define the beam. Pions are 
distinguished from protons by requiring a coin- 
cidence with C, a gas Cerenkov counter’ filled 
with sulfur hexafluoride to give an index of re- 
fraction of approximately 1.008. By putting C in 
anticoincidence with M,M,M,, we obtained data on 
p-p scattering simultaneously with the (x*, p) data. 

After passing through the defining telescope, 
the beam impinged on a 4-ft-long liquid hydrogen 
target. The number of pions (and protons) trans- 
mitted was measured simultaneously at three 







quadrupole 


bending magnet 


FIG. 1. 
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8" by 18" by 36" 
bending magnet 


Experimental arrangement. 


different solid angles by means of counters S,, 
S,, andS,. An extra coincidence in S, was added 
to reduce accidentals. The solid angles defined 
by S,, S,, and S, ranged from 0.6 to 4.3 milli- 
steradians. 

The coincidence circuits used were of the type 
described by Wenzel.® With the clipping lines 
employed, the resolving time was about 5x107° 
sec. The output of the monitor coincidence cir- 
cuit was used as an input to a second circuit 
where a coincidence with S, and S, (for example) 
was required. Several species of accidentals 
were monitored throughout the experiments, ani} 
corrections to the data were made where neces- 
sary. Accidentals involving C were always less 
than 2% of the number of pions. 

The momentum spread accepted by the counter 
telescope was approximately 2.5%, and the un- 
certainty in the momentum determination is 
estimated to be +3%. Extensive magnetic shielé 
ing to reduce the Bevatron’s leakage field was 
required along most of the beam line. 

Data collection at each momentum involved 
series of runs with the H, target filled and empty 
each series consisted of a full run preceded and 
followed by an empty run. The number of counts 
recorded in each series was usually sufficient 
to give a cross section with a statistical uncer- 
tainty of less than 1%. An analysis of the data 
from different measurements at the same mo- | 





mentum indicated that the probable error assign 
to each measurement had to be increased to abot 
3%. The results given below are averages of tw 
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or more measurements at each momentum. The 
uncertainty in the extrapolation to the zero solid 
angle subtended by the last counter was considered 
in assigning the errors. Where necessary, the 
data at the smaller solid angles were corrected 
for multiple Coulomb scattering by a method 
similar to that of Sternheimer.’ These corrections 
were assigned a probable error of + 20% and had 
little effect on the extrapolated cross sections. 
Other possible sources of error are discussed 
below. 

(A) Sources of error in the (1,p) measurements. 
A curve of the ratio of M,M,CM, counts to 
M,M,M, counts as a function of gas pressure in 
the Cerenkov counter indicated less than 2% 
electron contamination and less than 1% muon 
contamination at 1.8 Bev/c. Such a curve gives 
only the fraction of muons with momentum equal 
to or greater than that of the pions. The total 
muon contamination for the geometries and mo- 
menta used was determined by calculation, and 
corrections were made. The maximum was 2%. 
Practically all of the muons came from pions 
decaying after M,, where the calculation is re- 
latively simple. 

(B) Sources of error in the (o,p) measurements. 
The errors assigned to the (p, p) cross sections 
have been increased to allow for the uncertainty 
in the efficiency of the anticoincidence circuits 
and the Cerenkov counter. If these were not 100% 
efficient in eliminating pion counts, the measured 
(),p) cross sections would be low. The assigned 
errors are based on an efficiency between 90% 
and 100%. 

K-meson contamination in the “proton beam” 








Table I. Total (1*+,p) and (p,p) cross sections. 
Momentum a(n*, p) o( p, p) 
(Bev/c) (mb) (mb) 
1.40 39.4+0.6 46.97} - 
1.46 39.1+0.8 47.5722 
1.60 35.8+0.9 47.773.8 
1.73 30.1+0.5 46.572-0 
1.89 28.4+0.6 46.3733 
2.05 27.8+0.6 45.0736 
2.47 29.0+0.6 45.67)°7 
2.97 29.2+0.5 45.179°2 
3.58 29.2+0.4 43. 318-6 
4.00 29.3+0.4 42.420.6 





is estimated to be less than 1% for the momenta 
and take-off angles used in this experiment. 

Our cross sections are shown in Table I and 
Fig. 2 which also shows data of other experi- 
menters.?»®»° Our data for o(n*, p) indicate a 
maximum near 1.5 Bev/c and an essentially 
constant cross section above 2.4 Bev/c. Our 
value at 4.0 Bev/c is 29.3+0.4 mb. The best 
high-energy values for o(1~,p) to date are 
28.7+2.6 mb at 4.3 Bev/c,* and 29.1+2.9 mb at 
5.2 Bev/c.* 

We wish to acknowledge our indebtedness to 
Ken Lou for handling the many engineering 
problems encountered in the experiment, to 
Thomas Devlin for his help in conducting the 
experiment, and to the Bevatron staff and crew. 
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It was originally suggested by Yukawa’ that the 
muon decay may be mediated by an unstable 
boson with weak couplings to lepton fields. More 
recently, ?»* a charged, spin-one boson has been 
proposed in order to generate the V-A form of 
the weak decay interactions. It has already been 
pointed out* that a charged scalar intermediary 
can give rise to the desired couplings, providing 
an alternative but generally equivalent theory of 
the weak interactions. This applies when the 
first-order Kemmer formalism for spinless 
bosons is employed, but not with the use of the 
more conventional Klein-Gordon second-order 
theory. 

The field equations in the Kemmer theory may 
be written 


(u) Og 


Dp =m 
¢  ' 


“a, on 
rA r? sd 


(e) j(e)) ( 


-1 -2 
g=m o,v,+m (eas g 1) 
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when both scalar and vector interactions are 
present, where 


(e)_ - 1-y : 
J, = Vey”) Yiy* C.C., 
(e)_ = l-y, , 
eg Tt en* 


Only in the absence of any vector interaction is 
am simply proportional to 8 uP: The induced 
normal muon decay interaction, to lowest order 
in g,© and g,©, is 


m 26 a fatxs, aa Cx) 


LL .w,, mV, , em 
&o 8 m 89 8 m 


x fas db tx) Da x-x!,m) I(x") (2) 


The first term is a purely local V-A interaction, 
the second a nonlocal S-P interaction. If g,© 
=0, the scalar admixture for muon decay be- 
comes m ‘ym ©)/m?— less than 10~* for nucleonic 
mass of the intermediary.*® Alternatively, if 
either or both of the factors [g,‘ + g,‘(m'»/m)) 
and [g,©+ g,©(m ©’/m)] are set equal to zero, 
the normal p-decay interaction (to this order in 
g) becomes a purely local one. 

Using the Klein-Gordon formalism, we obtain 
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a muon decay interaction identical to Eq. (2) ex- 
cept for the absence of the direct vector coupling. 
The two versions of the spin-zero theory are 
identical for g,©’=0, and in general differ only 
by a direct self-interaction of J, ©. The choice 
between these formalisms depends upon whether 
one regards first-order or second-order field 
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where K is a cutoff to the divergent momentum 
integration, and c is a finite constant which de- 
pends upon the manner in which the cutoff is 
introduced. The decay interaction contains a 
finite, point-like, “moment” interaction, and a 
divergent “charge” interaction which does not 
contribute to the free-particle decay. The 
branching ratio for the decay of a free muon 
into the e+y channel is 


p=a/24n =10%, 


which is ~40 times greater than the current ex- 
perimental upper limit.” In contrast to the re- 
sult with a vector intermediary, *® *° the result 
is both convergent and unambiguous. 

We should like to thank Professor C. J. Bakker 


a 
"8h no f° 


equations as the more basic. [It is only the 
Kemmer theory that may be developed according 
to the canonical formulation of Schwinger.*®] 

For the discussion of u-e+y, we shall assume 
g,©=0 and neglect finite contributions propor- 
tional to the electron mass. The matrix element |. 
for this mode becomes (g = photon momentum) 


K? 7 
-7,4,¢|(-3) _ )R Yu)? 





and Professor M. Fierz for the hospitality ex- 
tended to us at CERN. 
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5The scalar admixture in the case of muon capture 
would be ~ 10%. 
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and Paul, Nuovo cimento (to be published). 

8G. Feinberg, Phys. Rev. 110, 1482 (1958). 

°M. Ebel and M. Ernst (to be published). 
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The few hitherto known wave-like exact solu- 
tions of the Einstein gravitational equations 
represented either plane’? or cylindrical*® waves. 
We here intend to derive a new class of solu- 
tions, displaying a lesser degree of symmetry, 
and thus more generality. 

Let us consider the metric 


ds? = - dx? - dy” - dz? + dt? - 2f (x, y, z +t)(dz +dt)’. 


One can easily show that R,, =Rz¢=Kyt=fxx +f yy, 
and other components vanish. If f is a harmonic 
function of x and y, this metric thus satisfies 
Einstein’s equations in vacuo, whatever may be 
its dependence on (z +?). 





SOME GRAVITATIONAL WAVES* 


Asher Peres 
Department of Physics, Israel Institute of Technology, Haifa, Israel 
(Received October 19, 1959) 


A convenient tetrad of orthonormal vectors is 
han =(cosa, sina, 0, 0), 
ben =(-sina, cosa, 0, 0), 
he" =(0,0,1-f,f), 
hw" =(0,0, -f, 1+f), 
where tan(2a) =(Fxy xx). The only nonvanish- 
ing independent physical components‘ of the 
curvature tensor are 
. =% tnt) ez F (m2n2) % Vi, Fiagl'* 


where m and n take the values 3 and 4 only. Our 
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metric thus belongs to the second class of 
Petrov’s classification.* 
Let us examine two examples. If 


f =(x? - y”)sin(z +2), 


one has o=2sin(z+?¢). This is a plane mono- 
chromatic wave. 


Another example is 
f =xy(x* +y?) exp[b? - (z +t)? |? for Iz +tl<b, 
f =O for |z+tl26. 


(Note that f has derivatives of all orders at 
|\z+t\|=b.) This is a wave packet travelling with 
unit velocity in the negative z direction. It con- 


tains the singular segment x =y =0, -b-t<z<b-t. 


The question of the existence of stable regular 


gravitational wave packets is still open. 

If fxx +f yy #0, one still has g”""R,,, =0 and 
eR yyRys =0. The source of f can then be 
interpreted as a null electromagnetic field.* 





"Partly supported by the U. S. Air Force, through 
the Air Research and Development Command. 

'H. Bondi, Nature 179, 1072 (1957); Bondi, Pirani, 
and Robinson, Proc. Roy. Soc. (London) A251, 519 
(1959). 

*H. Takeno, Tensor 7, 97 (1957); 8, 59 (1958), and 
9, 76 (1959). 

3N. Rosen, Bull. Research Council Israel 3, 328 
(1954). 

‘F. A. E. Pirani, Phys. Rev. 105, 1089 (1957). 

°C. W. Misner and J. A. Wheeler, Ann. Phys. 2, 
525 (1957). 
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ERRATUM 





MULTIPLE COULOMB EXCITATION IN Th*** 
AND U***, F. S. Stephens, Jr., R. M. Diamond, 
and I. Perlman [Phys. Rev. Letters 3, 435 (1959)]. 


In Fig. 2(b) the transition energy between the 
10+ and 8+ levels of Th*®* should read 273 kev 
instead of 373 kev. 
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ABSTRACTS 








In this section are printed the abstracts of Articles that 
have been forwarded to The American Institute of Physics 
for publication in THE PHYSICAL REVIEW. In quoting 
information obtained from this section before the appear- 
ance of the corresponding Article, reference should be 
made to “Physical Review (to be published)” rather than 
to this Journal. 


DIFFRACTION OF THERMAL WAVES IN LIQ- 
UID HELIUM II BY A SPHERICAL MIRROR. 

J. Fajans, Stevens Institute of Technology, De- 
partment of Physics, Hoboken, New Jersey (Re- 
ceived May 28, 1959). 


Diffraction patterns of 3- and 13-kc/sec ther- 
mal waves in liquid helium II caused by a spher- 
ical mirror were measured. The main features 
of the patterns were developed from the Kirch- 
hoff diffraction formula combined with a standing- 
wave distribution. Both the amplitude and phase 
of the wave at each point of space could be de- 
termined. 


EXCLUSION FACTORS IN TRANSPORT THEORY. 
E. I. Blount, Westinghouse Research Laborato- 
ries, Pittsburgh, Pennsylvania (Received July 
29, 1959). 


It has recently been shown that the customary 
exclusion factors should be omitted from the 
Boltzmann equation. This raises some concep- 
tional difficulties in relation to the Pauli princi- 
ple. The resolution of these difficulties is dis- 
cussed in this paper. 


MANY-BODY PROBLEM IN QUANTUM STATIS- 
TICAL MECHANICS. V. DEGENERATE PHASE 
IN BOSE-EINSTEIN CONDENSATION. T. D. 

Lee, Columbia University, New York, New York, 
and C. N. Yang, Institute for Advanced Study, 
Princeton, New Jersey (Received July 31, 1959). 


The formulation of the previous paper (paper 
IV) is extended so that it becomes applicable in 
an interacting system in the presence of a Bose- 
Einstein degeneracy. This extension is carried 
out by the introduction of an x-ensemble, which 
enables one to utilize an Ursell type expansion 
even in the presence of a Bose-Einstein degen- 
eracy. The variational principle of the previous 
paper is also extended. It is proved that in the 


presence of a Bose-Einstein degeneracy, the 
average occupation number of a single particle 
state with momentum Dp approaches infinity as 
p- 0. The method is applied to a dilute system 
of Bose hard spheres. 


ELECTRON AND ION RUNAWAY IN A FULLY 
IONIZED GAS. II. H. Dreicer, University of 
California, Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico (Received July 17, 
1959). 


The treatment presented in an earlier paper is 
extended to give a more exact estimate of the 
particle runaway rate in a fully ionized gas under 
the action of a weak applied electric field. By 
analyzing the motion of particles in various 
regions of velocity space, it is shown that in any 
weak applied electric field some particles will 
always run away. The rate at which this occurs 
is determined by the flow of particles from the 
collision- dominated to the electric-field-dominated 
region of velocity space. The probability, Q(7), 
of electron runaway as a function of time is cal- 
culated with the help of the Boltzmann- Fokker- 
Planck equation and can be expressed in the form 
Q(z) =1 - exp(-a,7). The runaway rate, ),, is 
presented as a function of applied electric field, 
and the plasma temperature and density. It ex- 
ceeds by several orders of magnitude the rate 
recently proposed by Harrison. The runaway 
rate for positive ions is shown to be exceedingly 
small compared to ,, in the circumstances 
usually encountered. 

A brief discussion is devoted to the experimental 
evidence, the effects of magnetic fields, and the 
excitation of plasma instabilities. The correction 
which particle runaway introduces in the equation 
of pressure balance is presented for the case of 
a static pinched discharge. 


ELECTRON VELOCITY DISTRIBUTIONS IN A 
PARTIALLY IONIZED GAS. H. Dreicer, Uni- 
versity of California, Los Alamos Scientific 
Laboratory, Los Alamos, New Mexico (Received 
July 17, 1959). 


The Boltzmann method is applied to the prob- 
lem of calculating the electron velocity distri- 
bution in a partially ionized gas. Inelastic colli- 
sions with neutral molecules as well as random 
two-body Coulomb interactions are included. 
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The latter are treated by use of the Fokker- 
Planck equation. Application is made to a hydro- 
gen plasma subjected to an externally applied 
electric field. Static solutions are obtained, by 
numerical means, as a function of the ionization 
degree, and the classical gas discharge param- 
eter, E/p. It is shown that the evolution of the 
electron velocity distribution function from that 
characteristic of a poorly ionized gas to the 
Maxwellian distribution occurs over a very 
large range in ionization degree. Several appli- 
cations are also made to energy relaxation 
phenomena, and the electrical conductivity is 
evaluated. 


He II FILM PROFILE AND RELATIVE IMPOR- 
TANCE OF HEIGHT AND SURFACE PRESSURE. 
O. T. Anderson,* D. H. Liebenberg, and J. R. 
Dillinger, University of Wisconsin, Madison, 
Wisconsin (Received July 29, 1959). 


The thickness d of the He II film at 1.40°K vs 
height h to 40 cm has been measured by an opti- 
cal method. Results agree better with an ex- 
pression of the form d=kh~™’ than with d=kh~” 
or h =(a/d)* +(b/d)*. Evidence was obtained sug- 
gesting that the contour of the film cannot be 
accounted for by considering it to be an adsorbed 
film subjected to a varying pressure. The pres- 
sure would decrease with height due to gravita- 
tional effects in a vertical gas column. 


‘Now at International Business Machines Corporation, 
Poughkeepsie, New York. 


HEAT TRANSPORT IN LIQUID He*. D. M. Lee” 
and Henry A. Fairbank, Physics Department, 
Yale University, New Haven, Connecticut (Re- 
ceived July 20, 1959). 


The thermal conductivity of liquid He* at a 
pressure of 2/3 atmosphere has been determined 
experimentally and found to increase slowly from 
7x 1075 watt/em °K at 0.24°K to 16x107° watt/ 
cm °K at 2.7°K with no evidence of superfluidity. 
Several models of liquid He* based on Fermi- 
Dirac statistics predict a 1/T dependence for the 
thermal conductivity of He* at the lowest tem- 
peratures, but no such behavior has been observed 
down to 0.24°K in the present work. A study of the 
convective heat transport in the liquid has indi- 
cated that the coefficient of thermal expansion 
becomes negative below about 0.5°K. A thermal 
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boundary resistance across a copper-—liquid-He*® 
interface has been found which is similar in 
magnitude and temperature dependence to that 
found for a copper—superfluid-He* boundary. 


*Now at Cornell University, Ithaca, New York. 


IONS IN LIQUID HELIUM. K. R. Atkins, Depart- 
ment of Physics, University of Pennsylvania, 
Philadelphia, Pennsylvania (Received July 16, 
1959; revised manuscript received September 30, 
1959). 


The mobility of an ion in liquid He* is known to 
be appreciably less than the mobility of a He® 
atom and varies in a different way with tempera- 
ture. It is suggested that the essential difference 
is that electrostriction effects increase the liquid 
density over a large region surrounding the ion, 
so that the ion drags around with it about 50 Het 
atoms. The density field of the positive ion is 
calculated in a semiclassical approximation. A 
possible difference between the density fields 
for positive and negative ions is briefly discussed. 
Various experimental ways of checking this pic- 
ture of an ion are suggested. 


HEXAGONAL FERRIMAGNETIC COMPOUND 
CONTAINING FLUORINE. E. H. Frei, M. 
Schieber, and S. Shtrikman, Department of 
Electronics, The Weizmann Institute of Science, 
Rehovot, Israel (Received July 20, 1959). 


A partial substitution of the oxygen ions by 
fluorine in BaO- 6Fe,O, is reported. The new con- 
pound with a formula near to BaF,-2FeO-5Fe,0, 
has at room temperature a magnetization satura- 
tion of 72 cgs units/gram compared to 67 cgs 
units/gram for BaO-6Fe,0,. The specific grav- 
ity, Curie temperature, and unit-cell dimensions 
are practically the same for both compounds. 


EFFECTS OF POLARIZED LIGHT ON PHOTO- 
CURRENTS AND PHOTOVOLTAGES IN ZnS. 
G. Cheroff, R. C. Enck, and S. P. Keller, Re- 
search Laboratory, International Business Ma- 
chines Corporation, Poughkeepsie, New York 
(Received July 16, 1959). 


The anomalous short-circuit photocurrents in 
ZnS have been measured using polarized light. 
In spite of the fact that for a given wavelength, 
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light polarized perpendicular to the c axis is 
more strongly absorbed than light polarized par- 
allel to the c axis, there are wavelength regions 
in which the absolute magnitude of the short- 
circuit photocurrents is smaller for perpen- 
dicularly polarized light. The data are consistent 
with a double valence band model. 


X-RAY-INDUCED ELECTRICAL POLARIZATION 
IN GLASS. T. M. Proctor,* Research and De- 
velopment Division, Corning Glass Works, Corn- 
ing, New York (Received June 22, 1959). 


Electrical polarization in a lead silicate glass 
induced by the action of x-rays on the material 
is found to exist. This phenomenon is surveyed 
experimentally as a function of total dose (inci- 
dent and absorbed), dose rate, x-ray tube poten- 
tial, radiation temperature, and temperature at 
which the polarization is released and measured. 
Net surface charges of the order of 10°® cou- 
lomb/cm? can be obtained from 3-mm thick sam- 
ples irradiated at room temperature with 10° r 
of 250-kv x-rays. To the first order the buildup 
and decay of this condition seems to follow the 
normal electrical relaxation as can be theoreti- 
cally predicted from the dielectric and resistiv- 
ity constants of the material (t=pe). Measured 
surface charge is shown to be proportional to 
absorbed dose for smaller doses; however, for 
greater doses final equilibrium in the polariza- 
tion is reached when back electrical conduction 
becomes as large as the forward x-ray- induced 
displacement current. The dependence of mea- 
sured surface charge upon the sample thickness 
has been experimentally investigated for one 
case. 


* 
Now at the National Bureau of Standards, Washing- 
ton, D. C. 


SUPERPARAMAGNETISM, NONRANDOMNESS, 
AND IRRADIATION EFFECTS IN Cu-Ni ALLOYS. 
F. M. Ryan,* E. W. Pugh,t and R. Smoluchowski, 
Carnegie Institute of Technology, Pittsburgh, 
Pennsylvania (Received July 6, 1959). 


The effect of neutron irradiation on copper - 
nickel alloys has been investigated by means of 
magnetic susceptibility measurements. The sus- 
ceptibilities were measured by the Gouy method 
between 300°K and 2.0°K for a series of alloys 
ranging from 17.22 to 46.5 atomic percent nickel. 


It is shown that without superparamagnetism an 
unreasonable magnetic moment per nickel atom 
has to be assumed. This model is confirmed by 
irradiation studies in which samples were ex- 
posed to neutron fluxes at the Brookhaven reac- 
tor, ranging up to 2.2 x10'* neutrons/em? while 
at 80°C, and the magnetic susceptibilities were 
found to increase following the irradiation. The 
increase was easily observable due to its strong 
temperature dependence, and was greatest for 
the samples with the highest nickel content and 
for samples exposed to the highest neutron fluxes. 
The susceptibilities of the alloys returned to 
their original values following an anneal in or 
above the temperature range where self-diffusion 
becomes important, while no changes in the sus- 
ceptibilities were observed following anneals at 
lower temperatures. It is suggested that the 
copper -nickel system is not a perfect random 
solid solution but tends toward segregation, and 
that the neutron irradiation enhances diffusion 
toward a true equilibrium at room temperature. 
This is in agreement with several other observa- 
tions. 


*Now at Westinghouse Research Laboratories, Pitts- 
burgh, Pennsylvania. 

1 Now with International Business Machines Research 
Laboratories, Poughkeepsie, New York. 


INTERPRETATION OF MAGNETIC PROPER- 
TIES OF DYSPROSIUM. S. H. Liu, D. R. 
Behrendt,* S. Legvold, and R. H. Good, Jr., 
Institute for Atomic Research and Department 
of Physics, Iowa State University, Ames, lowa 
(Received June 11, 1959; revised manuscript 
received August 28, 1959). 


Dysprosium is ferromagnetic below 85°K, 
antiferromagnetic between 85 and 179°K, and 
paramagnetic above 179°K. The spontaneous 
magnetic moment lies always in the basal plane, 
and there is anisotropy in this plane below 110°K. 
In the present paper it is shown that the mag- 
netic properties can be interpreted in terms of 
a two-sublattice model and a phenomenological 
theory similar to a theory proposed by Néel. 
Detailed agreement for the magnetization curves 
in the ferromagnetic and antiferromagnetic 
regions is obtained. 


“Present address: Lewis Research Center, National 
Aeronautics and Space Administration, Cleveland, Ohio. 
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THEORY OF SPIN-WAVE INTERACTIONS IN 
FERRO- AND ANTIFERROMAGNETISM. 
Takehiko Oguchi, * Sarah Mellon Scaife Radiation 
Laboratory, University of Pittsburgh, Pittsburgh, 
Pennsylvania (Received July 17, 1959). 


The spin-wave theory in an ideal Heisenberg 
model of a ferromagnet is studied using Holstein 
and Primakoff’s method including the spin-wave 
interactions. Several earlier published results 
of the correction to the spontaneous magnetiza- 
tion produced by spin-wave interactions were in 
disagreement with each other, and they were not 
in agreement with Dyson’s result which is re- 
garded as rigorous at low temperatures. Our 
result is in agreement with Dyson’s to the order 
which we have considered. 

Our method can be applied to antiferromag- 
netism easily. We have obtained the correction 
arising from interactions between spin waves. 
The correction term is quite small. This means 
that the simple theory neglecting the spin-wave 
interactions is sufficient for practical purposes. 


* 
Permanent address: Department of Physics, Tokyo 
University of Education, Tokyo, Japan. 


ELECTRON CAPTURE OF LATTICE VACANCY 
IN Si. Akira Morita,* Department of Physics, 
Purdue University, Lafayette, Indiana (Received 
July 17, 1959). 


The electron-capture cross section of the deep 
trap due to a lattice vacancy in Si is calculated 
by taking into account the distortion of the lattice 
vibrations by the lattice vacancy. It is assumed 
that the trap is a neutral center for electron 
capture. The results show that although the dis- 
tortion effect enlarges the calculated cross sec- 
tion by three orders of magnitude at 300°K, it is 
not enough to explain the magnitudes of observed 
cross sections. 


‘On leave from the Department of Physics, Tohoku 
University, Sendai, Japan. 


LINEAR ANTIFERROMAGNETIC CHAIN. Sergio 
Rodriguez,* Scientific Laboratory, Ford Motor 
Company, Dearborn, Michigan (Received July 
22, 1959). 


It is shown that a linear chain consisting of a 
large number of atoms of spin 3 with nearest 
neighbor ferromagnetic or antiferromagnetic 
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interactions is mathematically equivalent to a 
one-dimensional Fermi gas with two-body forces. 
This equivalence is used to construct a wave 
function for which the expectation value of the 
energy lies between the two approximations ob- 
tained by Hulthén. Also, a perturbation treat- 
ment is given which permits one, in principle, to 
obtain the exact antiferromagnetic ground state. 


"Present address: Department of Physics, University 
of Illinois, Urbana, Illinois. 


INTERACTION OF DISLOCATIONS WITH AN 
APPLIED STRESS IN ANISOTROPIC CRYSTALS. 
G. deWit and J. S. Koehler, University of Illinois, 
Urbana, Illinois (Received July 16, 1959). 


The equilibrium shape of a dislocation segment 
between two pinning points in the same glide 
plane is calculated. The assumption is made that 
the dependence of the dislocation self energy on 
the geometry of the dislocation line can be ex- 
pressed by using an energy per unit length, £, 
which is a function only of the angle, 6, between 
the Burgers vector and the tangent to the disloca- 
tion. Only glide of the dislocation, not climb, is 
considered. The results obtained are compared 
with those for elastically isotropic crystals. It 
is found that the character of the dislocation 
shape is altered considerably if E +d°*E /dé@” can 
be negative. It is suggested that the change in 
sign of this quantity is associated with diffusion- 
less phase changes. 


INFLUENCE OF ELASTIC ANISOTROPY ON THE 
DISLOCATION CONTRIBUTION TO THE ELASTIC 
CONSTANTS. J. S. Koehler and G. deWit, Uni- 
versity of Illinois, Urbana, Illinois (Received 
July 16, 1959). 


Calculations of the dislocation contribution to 
the measured elastic constants of face-centered 
cubic crystals are made as follows. First, the 
displacement of a pinned dislocation segment 
under an externally applied stress is evaluated. 
Then the contribution to the resulting macroscopic 
distortion of the specimen resulting from the 
motion of all the dislocations present is calculated. 
The results are that the contributions for given 
dislocation arrangement increase with increasing 
anisotropy. For copper and lead the contributions 
can amount to a few percent in a pure well- 
annealed crystal and can be as large as 10% in 
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slightly deformed crystals. Edge dislocations 
are found to make about ten times larger contri- 
butions than a similar density of screw dislocations. 


QUASI-PARTICLES AND GAUGE INVARIANCE 
IN THE THEORY OF SUPERCONDUCTIVITY. 
Yoichiro Nambu, The Enrico Fermi Institute for 
Nuclear Studies and the Department of Physics, 
The University of Chicago, Chicago, Illinois 
(Received July 23, 1959). 


Ideas and techniques known in quantum electro- 
dynamics have been applied to the Bardeen- 
Cooper -Schrieffer theory of superconductivity. 

In an approximation which corresponds to a gen- 
eralization of the Hartree-Fock fields, one can 
write down an integral equation defining the self- 
energy of an electron in an electron gas with 
phonon and Coulomb interaction. The form of 
the equation implies the existence of a particular 
solution which does not follow from perturbation 
theory, and which leads to the energy gap equa- 
tion and the quasi-particle picture analogous to 
Bogoliubov’s. 

The gauge invariance, to the first order in the 
external electromagnetic field, can be maintained 
in the quasi-particle picture by taking into account 
a certain class of corrections to the charge-cur- 
rent operator due to the phonon and Coulomb 
interaction. In fact, generalized forms of the 
Ward identity are obtained between certain ver- 
tex parts and the self-energy. The Meissner 
effect calculation is thus rendered strictly gauge 
invariant, but essentially keeping the BCS result 
unaltered for transverse fields. 

It is shown also that the integral equation for 
the vertex parts allows homogeneous solutions 
which describe collective excitations of quasi- 
particle pairs, and the nature and effects of such 
collective states are discussed. 


MEASUREMENTS OF EQUILIBRIUM VACANCY 
CONCENTRATIONS IN ALUMINUM. R. O. 
Simmons and R. W. Balluffi, University of Illi- 
nois, Urbana, Illinois (Received July 31, 1959). 


Measurements of change in length and change 
in lattice parameter were made at identical tem- 
peratures on 99.995 % aluminum in the tempera- 
ture range 229 to 656°C. Length changes, AL, 
were measured on an unconstrained horizontal 
bar sample using a rigid pair of filar micrometer 


microscopes. X-ray lattice parameter changes, 
Aa, were observed using a high-angle, back- 
reflection, rotating-single-crystal technique. 
The measurements are compared to earlier 
work. The relative expansions AL/Land Aa/a 
were equal within about 1:10° from 229 to 415°C. 
At higher temperatures additional atomic sites 
were found to be generated; the difference be- 
tween the two expansions could be represented 
by 3(AL/L - Aa/a) =exp(2.4)exp(-0.76 ev/kT). 

At the melting point (660°C) the equilibrium con- 
centration of additional sites is 3(AL/L - Aa/a) 
=9.4x10™. This result is independent of the 
detailed nature of the defects, for example, the 
lattice relaxation or degree of association. The 
nature of the defects is considered and it is con- 
cluded that they are predominantly lattice vacan- 
cies; it is estimated that the divacancy contri- 
bution at the melting point may well be less than 
about 15%, corresponding to a divacancy binding 
energy < 0.25 ev. The observed formation energy 
agrees with the values obtained by quenching 
techniques and by interpretation of the high- 
temperature electrical resistivity of identical 
material by Simmons and Balluffi. The present 
work is the first direct measurement of formation 
entropy; the value is near that expected from 
theoretical considerations. The contributions of 
the thermally generated defects to other physical 
properties at high temperatures is considered 
briefly. 


MEASUREMENTS OF THE HIGH-TEMPERATURE 
ELECTRICAL RESISTANCE OF ALUMINUM: THE 
RESISTIVITY OF LATTICE VACANCIES. R. O. 
Simmons and R. W. Balluffi, University of Illinois, 
Urbana, Illinois (Received July 31, 1959). 


The electrical resistance of a 99.995% alumi- 
num wire was measured at temperatures from 14 
to 655°C. Values of temperature coefficient of 
resistance and of resistivity are derived; they 
differ somewhat from earlier work. The resist- 
ivity values show a progressive increase above 
the expected values at high temperatures; this is 
ascribed to scattering by thermally-generated 
point defects of the type which add atomic sites 
(vacancy-type defects), whose equilibrium con- 
centrations have been measured directly in iden- 
tical material at identical temperatures by Sim- 
mons and Balluffi. Three different semiempiri- 
cal methods were used to estimate the expected 
values of the ideal lattice resistivity in the ab- 
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sence of defects; they gave similar results. The 
limitations of extrapolation methods are dis- 
cussed. The resistivity increment ascribed to 
the vacancy-type defects was then obtained by 
difference and can be represented by Ap = (4.4 

x 107° ohm-cm)exp(-0.77 ev/kT). The observed 
formation energy is in close agreement with that 
obtained by direct concentration measurements 
and with that obtained in various quenching in- 
vestigations. This increment is nearly twice the 
value expected from extrapolation of recent 
quenching work from the interval 260° to 320°C, 
however. This relatively small discrepancy can 
be ascribed to three factors, whose relative im- 
portance cannot be precisely evaluated at present. 
They are (1) failure of quenching techniques to 
retain all of the equilibrium defect concentra- 
tions, (2) the presence of appreciable divacancy 
concentrations at the highest temperatures, and 
(3) a contribution to the high-temperature resist- 
ivity arising from lattice anharmonicity. The 
increment of about 0.30 pohm-cm at the melting 
point (660°C) corresponds to a resistivity 3 
uohm-cm/atom percent monovacancies, in agree- 
ment with a crude estimate based upon known ef- 
fects of solute atoms of different valence. 


CORRELATION ENERGY IN A MODEL SEMI- 
CONDUCTOR. J. Callaway, Department of Math- 
ematics, Queen Mary College, University of 
London, London, England (Received July 27, 
1959). 


The correlation energy of the electrons ina 
semiconductor is expected to be less than ina 
metal with the same electron density. The re- 
duction occurs because the existence of an en- 
ergy gap between filled and empty states tends 
to increase the magnitude of the energy denomi- 
nators of perturbation theory. This effect is 
studied in a simple model, based on the calcula- 
tions of Gell-Mann and Brueckner, in which the 
semiconductor is represented as a free electron 
gas with an energy gap above the Fermi surface. 
The correlation energy then depends on the ratio 
of the energy gap to the valence bandwidth as 
well as on the density. It is shown that for an 
energy gap large compared to the bandwidth, 
second order perturbation theory is correct; 
while for a small energy gap, an explicit correc- 
tion to the Gell-Mann-— Brueckner series can be 
obtained. 
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CALCULATION OF THE COHESIVE ENERGY 

OF METALLIC IRON. Frank Stern, United 
States Naval Ordnance Laboratory, White Oak, 
Silver Spring, Maryland (Received July 20, 1959). 


The cohesive energy of metallic iron is cal- 
culated for the body-centered cubic structure in 
a singlet spin state at 0°K. The potential field 
acting on each electron is taken to be that of the 
ion core and of the remaining valence electrons 
in the same lattice cell; thus the calculation 
becomes equivalent to one for the free atom as 
the lattice constant is increased. Tight-binding 
wave functions are used, but they are modified 
by expanding the contributions from neighboring 
atoms in a power series within a cell, and 
orthogonalizing to core states. Evaluating the 
complete wave function in each cell eliminates 
the need for multi-center integrals otherwise 
required in the tight-binding method. The wave 
functions for wave vectors in directions of high 
symmetry have a rather simple form, and can 
be described by a few parameters. States near 
the bottom of the 3d band tend to have a more 
diffuse charge distribution than do the states 
near the top of the band. Thus the x-ray scatter- 
ing factor per electron for a partially filled 3d 
band will be less than that for a full band. Cal- 
culations of the energy of the solid are made for 
three values of the atomic sphere radius, v5 
using atomic wave functions from the 3d74s 
configuration. The indicated configuration in the 
solid is close to 3d74s, making the calculation 
approximately self-consistent. The calculated 
width of the occupied portion of the 3d band is 
0.33 ry. We find the cohesive energy of metallic 
iron to be 0.43+0.2 ry per atom, which is con- 
sistent with the experimental value, 0.32 ry. 
The equilibrium lattice constant and the com- 
pressibility are both found to be in good agree- 
ment with experiment. An attempt to replace 
the Coulomb hole used in the main calculation 
by an exchange hole, using a single Slater de- 
terminant wave function, gave far too little bind- 
ing. 


SATURATION MAGNETIZATION OF NICKEL 
FILMS OF THICKNESS LESS THAN 100 A. C. A. 
Neugebauer, General Electric Research Labora- 
tory, Schenectady, New York (Received July 29, 
1959). 


Nickel films varying in thickness from 200 to 
3 A were prepared by evaporation on glass sub- 
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strates in a vacuum sufficiently high to prevent 
gas adsorption on the film during preparation 
and measurement. Their magnetization was 
measured as a function of field up to 10000 oe 
using a vacuum torsion magnetometer. The 
saturation magnetization of these films was de- 
termined as a function of their thickness at 300°K 
and 77°K. No decrease in saturation magnetiza- 
tion from that of bulk nickel has been observed 
for films of thickness down to 20 A, at room 
temperature. The Curie temperature of a27A 


film was found to coincide with that of bulk nickel. 


The magnetic behavior of films in the thickness 
range below 20 A suggests superparamagnetism 
rather than a decrease in the saturation mag- 
netization. Measurements of the magnetostric- 
tive anisotropy constant indicate that the films 
as originally prepared are in a state of high 
tensile strain, which can be relieved by anneal- 
ing. The thin-film nature of some specimens 
was ascertained by examination in the electron 
microscope. 


TEMPERATURE DEPENDENCE OF THE MAG- 
NETIZATION OF DYSPROSIUM METAL. Kazuo 
Niira,* Institute for Atomic Research and De- 
partment of Physics, Iowa State University of 
Science and Technology, Ames, Iowa (Received 
July 23, 1959). 


In this paper the experimental fact that the 
temperature dependence of the saturation mag- 
netic moment of dysprosium metal shows a 
marked departure from the Bloch T* law at low 
temperatures is interpreted as due to magnetic 
anisotropy. The calculation is in the spin wave 
approximation and gives a result which agrees 
well with the observed temperature dependence 
of the magnetization if the magnitude of the mag- 
netic anisotropy is suitably chosen. A discussion 
on the atomic origin of the magnetic anisotropy 
is given. 

“on leave from Tokyo Institute of Technology, Tokyo, 
Japan. 


ELECTRON SPIN-LATTICE RELAXATION IN 
PHOSPHORUS-DOPED SILICON. A. Honig and 
E. Stupp, Syracuse University, Syracuse, New 
York (Received July 23, 1959). 


Electron spin-lattice relaxation in phosphorus- 
doped silicon has been investigated over a mag- 


netic field range of 0 to 11000 oersteds, a tem- 
perature range of 1.25°K to 4.2°K, and a concen- 
tration range of 10*%* P/cc to 3x10"* P/cc. Three 
distinct T> (Ams =+1, Am,=0) relaxation mecha- 
nisms have been identified, and their functional 
dependences on magnetic field, temperature and 
concentration have been determined. These 
mechanisms are characterized as follows: (a) 
1/tg[H*, T] is concentration independent, and 
has an H* and T dependence. At 3000 oersteds 
and 1.25°K, 1/7,[H%, T |= (2.63 + 0.10) x10-5 sec}. 
(b) 1/7,[77] is independent of concentration and 
magnetic field, and has a 7’ dependence. At 
2.00°K, 1/75[T*] =(1.65+ 0.15) x10-* sec". (c) 
1/ Tg[conc. ] depends linearly on concentration for 
concentrations below 10** P/cc, and has approxi- 
mately an H~”? and T dependence. At 3000 oer- 
steds and 1.25°K, 1/7,[conc. ]for a 4x10**-P/cc 
sample is (3.3+0.4)x10-* sec-*. In addition to 
these three tT, mechanisms, the horizontal re- 
laxation modes (Am = +1, Amg=0, +1, +1) were 
investigated. 1/ty(Am = +1, Amg=#1) at 
2.16°K is independent of concentration and mag- 
netic field, and between 2.16°K and 4.2°K, has a 
T** temperature dependence; all of which 
strongly suggests a dominant Raman process in 
this temperature region. At 2.16°K, ty =3.0 
+0.4 hours. At 1.25°K, the magnetic field de- 
pendence of the horizontal modes was measured. 
The large errors (associated with the very long 
items involved) make it difficult to ascertain the 
dominant mechanism here. However, our re- 
sults are not consistent with a quadratic mag- 
netic field dependence of 1/t,. At low magnetic 
fields, concentration-dependent T\(Am]= +1, 
Amy = 0) and Tx mechanisms arise, due to an 
admixture of states which allows 1/ Tg[conc. | 
also to induce 1/7 N and 1/ Ty transitions. When 
all the preceding mechanisms are properly 
superposed, their resultant agrees well with the 
experimental relaxation probabilities, except 
for a small discrepancy which shows up for di- 
lute samples at 1.25°K. This discrepancy 
(~2x107° sec™ at 1.25°K) can be accounted for 
by introducing another mechanism. There is 
some indication that this mechanism is associa- 
ted with amount of compensation. 

The theoretical origins of the mechanisms are 
discussed. A theory is proposed to explain the 
concentration-dependent Ts mechanism, accord- 
ing to which rapidly relaxing close pairs of 
phosphorus atoms, which are few in number, 
relax the spins of the large number of isolated 
phosphorus atoms via a spin diffusion process. 
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Experiments supporting this hypothesis are pre- 
sented. 


CROSS RELAXATION IN LiF. P. S. Pershan, 
Physics Department, Harvard University, Cam- 
bridge, Massachusetts (Received July 31, 1959). 


A combined experimental and theoretical study 
of cross relaxation in LiF has been carried out. 
In agreement with theory, the cross relaxation 
time T,, is observed to be strongly anisotropic 
and field dependent; at 51.7 gauss it goes from 
0.025 second in the [100] direction to 7 seconds 
in the [111] direction. A frequency distribution 
function analogous to the line shapes for magnetic 
absorption is measured down to 10~* times the 
maximum value; for most orientations a Gaussian 
is an excellent approximation to it. 


ELECTRICAL RESISTIVITY OF YTTRIUM 
SINGLE CRYSTALS. P. M. Hall, S. Legvold, 

and F. H. Spedding, Institute for Atomic Research 
and Department of Physics, Iowa State Univer- 
sity, Ames, Iowa (Received July 27, 1959). 


Two samples of yttrium cut from the same 
single crystal were used to determine the elec- 
trical resistivity parallel and perpendicular to the 
c axis of the hcp metal. Measurements were made 
over the temperature range from 1.3 to 300°K. 

A large anisotropy was observed, with p,/p i 
=2.1 at room temperature. Values for the poly- 
crystalline resistivity over the temperature 
range indicated were computed from these data 
and were found to fit a Griineisen law with 
6=187.5°K. The computed polycrystalline values 
were also in good agreement with the measured 
resistivity of a polycrystalline sample. 


FARADAY EFFECT IN CERIUM PHOSPHATE 
GLASSES AT LOW TEMPERATURES. Perry B. 
Alers, U. S. Naval Research Laboratory, Wash- 
ington, D. C. (Received July 27, 1959). 


The Faraday effect in glass specimens con- 
taining cerium metaphosphate in various con- 
centrations has been measured at 4.2°K and 
1.8°K, using 5461A light, in magnetic fields 
ranging to 70 kilogauss. The curves of rotation 
vs H/T were fitted to the Brillouin function for 
J=1/2, yielding values of g=1.75 and 8 =0.874 
Bohr magneton. The observed rotations were 
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quite large; for the glass containing the highest 
concentration of cerium, the rotation approached 
a saturation value of 4.767 radians/mm. 


PIEZORESISTANCE IN n-TYPE InP. A. Sagar, 
Westinghouse Research Laboratories, Pittsburgh, 
Pennsylvania, and University of Pittsburgh, 
Pittsburgh, Pennsylvania (Received July 23, 
1959). 


Piezoresistance measurements were made on 
n-type InP at 77°K and 300°K. The results sug- 
gest a spherical energy band for this material. 


THERMOLUMINESCENCE OF ZnS SINGLE 
CRYSTALS. H. Arbell and A. Halperin, Depart- 
ment of Physics, The Hebrew University, Jeru- 
salem, Israel (Received July 29, 1959). 


The blue and green components of the glow of 
ZnS:Cu:Cl crystals were recorded separately. 
Thermoluminescence-excitation spectra taken 
for each of the components were found to be iden- 
tical with the excitation spectra for the blue and 
green luminescence at steady excitation. Other 
measurements included the spectral distribution 
of the glow, saturation effects, effects of in- 
frared radiation, and computation of activation 
energies. The activation energy for the blue peak 
was found to be about 0.14 ev, and that for the 
green, about 0.20 ev. From the shape of the 
peaks it was concluded that the recombination 
process is bimolecular in character. Electrical 
glow curves were also recorded and were found 
to be similar to the green glow curves. The re- 
sults are discussed and an energy model is pro- 
posed. 


THEORY AND APPLICATION OF THERMALLY 
STIMULATED CURRENTS IN PHOTOCONDUC- 
TORS. Rudolph R. Haering* and Edward N. 
Adams, International Business Machines Corpora- 
tion, Research Laboratory, Poughkeepsie, New 
York (Received July 30, 1959; revised manuscript 
received August 24, 1959). 


The theory of thermally stimulated currents is 
investigated in the limits of slow and fast re- 
trapping. A method of obtaining the ionization 
energy E of the relevant traps is discussed. This 
method depends on the shift of the conductivity 
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maxima with heating rate and does not involve 
prior knowledge of the trapping cross sections 
or of the heating rate. 


* 
Permanent Address: Department of Physics, Mc- 
Master University, Hamilton, Ontario, Canada. 


SPIN RESONANCE OF TRANSITION METALS IN 
SILICON. H. H. Woodbury and G. W. Ludwig, 
General Electric Research Laboratory, Schenec- 
tady, New York (Received July 23, 1959). 


Spin resonance measurements are reported 
for various charge states of four transition metals 
in silicon, namely for V*++, Cr*, Mn~, Mn**, and 
Fe°. In each case the g tensor and the hyperfine 
interaction with the impurity nucleus are iso- 
tropic. Thus each element exists in an isolated 
form in silicon and undergoes no distortion from 
the site of maximum symmetry. The site may 
either be the substitutional position or the in- 
terstitial position of maximum symmetry in the 
silicon lattice. For (V™)**, S=3, A =-42.10; 
for (Cr®)*, S=$, a=+30.16, A =+10.67; for 
(Mn*°)~, S=1, A=-71.28; for (Mn*)**, S=8, 
a=+19.88, A =-53.47; for (Fe®’)®, S=1, A =6.98, 
where a is the cubic field splitting parameter, 
A is the hyperfine interaction of the isotope noted, 
and both are expressed in units of 10™ cm™. 
Electron-nuclear double resonance was used for 
accurate measurement of A and for the determi- 
nation of S. In the case of Fe, the electron spin 
was checked by noting that the iron line splits 
into two fine structure components under uniaxial 
stress. Association of Cr, Mn, and Fe with 
acceptors in silicon has been observed, as well 
as another charge state of isolated Fe. 


MAGNETIC PROPERTIES OF HEMATITE 
SINGLE CRYSTALS. I. MAGNETIZATION 
ISOTHERMS, ANTIFERROMAGNETIC SUS- 
CEPTIBILITY, AND WEAK FERROMAGNETISM 
OF A NATURAL CRYSTAL. S. T. Lin, Mass- 
achusetts Institute of Technology, Cambridge, 
Massachusetts (Received July 24, 1959). 


Two sets of magnetization isotherms of pure 
natural hematite single crystals from Elba have 
been obtained in the temperature range from 
488°K down to liquid helium temperatures. The 
first set of curves, along a certain direction in 
the basal plane, supports Néel’s magnetic model 
of a superposition of a weak ferromagnetism on 


a normal antiferromagnetism. The second set 
of curves, along the ternary axis, displays very 
unusual form. The analysis of the isotherms 
shows that the antiferromagnetic susceptibility- 
temperature curves, x-T7, are in good agree- 
ment with those obtained by Néel and Pauthenet 
but the weak ferromagnetic properties are 
apparently contradictory to their interpretations. 
The spontaneous magnetization-temperature 
curves, 0,-T7, indicate that there is no iso- 
tropic ferromagnetism, and that the weak aniso- 
tropic ferromagnetism in the basal plane above 
transition and along the ternary axis below 
transition seems to have the same nature and 
origin. The x-7 and o,-T curves show that 

the wide transition takes place gradually and 
continuously. A general magnetic model of 
canted antiferromagnetism with unequal sub- 
lattice moments has been proposed which ex- 
plains all the experimental data satisfactorily. 
From the present model, Haigh’s data of 
remanent magnetization of hematite powder 
seem to be explained naturally. 


EXPERIMENTAL INVESTIGATION OF CON- 
DUCTION BAND OF GaSb. A. Sagar, Westing- 
house Research Laboratories, Pittsburgh, Penn- 
sylvania,and University of Pittsburgh, Pittsburgh, 
Pennsylvania (Received July 24, 1959). 


The conduction band of GaSb was investigated 
by making the following measurements on a num- 
ber of n-type samples with different carrier 
concentrations: (1) Hall effect and conductivity 
between 1.5°K and 370°K, (2) the change of re- 
sistance and Hall effect of the samples under 
hydrostatic pressure (up to 14x10° dynes/cm?’) 
at room temperature, and (3) the change of re- 
sistance due to uniaxial stress between 77°K and 
370°K. Our data can be explained on the basis 
of a double conduction band for this material 
with the lowest band- minimum in the center of 
the Brillouin zone characterized by spherical 
constant-energy surfaces and the next minima 
along [111] directions in k-space characterized 
by ellipsoidal constant-energy surfaces. Our 
data can be further interpreted by assuming that 
the deformation potentials for the two bands in 
GaSb are similar to those of the corresponding 
bands in n-type germanium. The energy separa- 
tion of the two bands at room temperature is 
estimated to be about 0.08 ev. The observed 
temperature dependence of the piezoresistance 
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could be explained by assuming that the energy 
separation AE changes with temperature at a 
rate (dAE/dT)=-3x10"* ev/°C. Throughout the 
analysis, the relaxation times for the electrons 
in the two bands were assumed to be independent 
of energy. 


STRUCTURE OF V CENTERS IN IRRADIATED 
KCIO,. T. E. Hasty, W. B. Ard, Jr.,* and W. G. 
Moulton, ' Department of Physics, University of 
Alabama, University, Alabama (Received 
March 23, 1959; revised manuscript received 
September 14, 1959). 


On the basis of the electron spin resonance 
spectra of a single crystal of KC1O, which has 
been exposed to x-irradiation, a model is pro- 
posed for the V center produced. The center 
proposed consists of a ClO radical covalently 
bonded to a neighboring ClO,” ion. It is shown 
that the electron spin resonance spectra pre- 
dicted for this radical agree with the observed 
spectra, both in the number and spacing of the 
hyperfine components and their orientation de- 
pendence in the external magnetic field. It is 
also proposed that an O,~ center is produced 
rather than the usual F center which one might 
expect to accompany the V center. 

*Now at Texas Instrument Company, Dallas, Texas. 


*Now at the Department of Physics, University of 
Florida, Gainesville, Florida. 


POLARIZED LIGHT TRANSMISSION OF BaTiO, 
SINGLE CRYSTALS. R. C. Casella and S. P. 
Keller, International Business Machines Corpora- 
tion Research Laboratory, Poughkeepsie, New 
York (Received July 22, 1959). 


Optical transmission and reflection measure - 
ments were made on poled BaTiO, single crystals 
in the tetragonal phase (crystal class C,,,) with 
light polarized parallel and perpendicular to the 
c axis. The absorption coefficients, i and My» 
are presented as functions of the incident photon 
energy at room temperature. At the absorption 
edge, 1, >}. A theoretical basis for this selec- 
tion rule, which has been derived from first prin- 
ciples, is presented. The theory represents a 
generalization of earlier work on wurtzite crys- 
tals and extends the applicability of the wurtzite 
selection rule to all solids in the crystal classes 
C,, and C,, where n =3, 4, or 6. Limitations 
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of the theory are discussed. The dichroic effect 
in BaTiO, has also been studied experimentally 
at elevated temperatures, in the vicinity of the 
Curie point. It is concluded that the extrema 

of the valence and conduction bands of BaTiO, 
probably lie at (or very close to) the origin of 
the Brillouin zone. 


EFFICIENCY OF ELECTROLUMINESCENCE IN 
ZnS. Gertrude Neumark, Solid State Laboratory, 
Sylvania Research Laboratories, Bayside, New 
York (Received July 20, 1959). 


The efficiency of electroluminescence in ZnS 
is examined on the basis of a model of impact 
ionization in a barrier. On the basis of sucha 
model, the efficiency depends on the ionization 
rate, and this rate has here been calculated by 
applying a theory developed for Ge and Si to 
ZnS. By considering the voltage dependence of 
the efficiency one can then get an estimate of a 
maximum obtainable efficiency in terms of the 
ratio of the barrier voltage to the total voltage. 
Both on the basis of this maximum efficiency 
and from other considerations it appears that 
the present theory can account for the magnitude 
of efficiencies reported to date. 


LOW-TEMPERATURE MAGNETIC REMANENCE, 
MOLECULAR FIELD, AND APPROACH TO 
SATURATION OF HOLMIUM METAL. Warren 

E. Henry, United States Naval Research Labora- 
tory, Washington, D. C. (Received July 31, 1959). 


Magnetization approaching absolute magnetic 
saturation has been achieved for polycrystalline 
holmium metal. At 1.3°K and 70000 gauss, the 
magnetic moment is approaching 4.0 Bohr mag- 
netons per atom of holmium in contrast to the 
10 Bohr magnetons per atom expected on the 
basis of the spectroscopically determined quan- 
tum numbers. The actual results are explained 
on the basis of crystalline electric field splitting 
of the ground term of holmium and application 
of the Pauli exclusion principle. In the liquid 
helium range, there is a pronounced hysteresis; 
i.e., the moment at 10000 gauss is 50% higher 
in decreasing fields than in increasing fields. 
The remanence is 0.22 Bohr magneton per atom 
of holmium at 4.2°K and 0.42 Bohr magneton per 
atom at 1.3°K. A sample motion technique was 
used to measure the magnetic moment of the 








59 


et 





VOLUME 3, NUMBER 12 


PHYSICAL REVIEW LETTERS 


DECEMBER 15, 1959 





5-gram sample. The equipment was calibrated 
with iron and nickel. 


POSITRON ANNIHILATION IN METALS. 

S. Kahana, Department of Mathematics, McGill 
University, Montreal, Quebec, Canada (Received 
July 23, 1959). 


A correlation function for a positron- electron 
pair within a metal is obtained by solving a 
Bethe-Goldstone equation. Thus one may take 
account of the many-body effects, of screening, 
and of the exclusion principle in computing the 
electron density at the position of the positron. 
The results indicate that one may in this fashion 
reconcile the Sommerfeld model of a metal with 
the experimental data on positron annihilation in 
metals. 


THERMOELECTRIC EFFECTS IN COPPER- 
GOLD ALLOYS. M. D. Blue, Honeywell Research 
Center, Hopkins, Minnesota (Received July 22, 
1959). 


Measurements of the resistivity and thermo- 
electric power of the binary alloy CuAu and of 
CuAu alloys containing dilute amounts of Ni are 
analyzed using the thermoelectric power formula 
of Mott. At the transition temperature, anomalies 
in the thermoelectric power are observed. The 
scattering cross section and its derivative with 
respect to energy for Ni in CuAu are determined. 
The results are similar in value to these same 
parameters measured for dilute amounts of Ni 
in Cu. 


THEORY OF DISPLACEMENT CASCADES IN 
COMPOUNDS. E. M. Baroody, Battelle Memo- 
rial Institute, Columbus, Ohio (Received July 
23, 1959). 


The theory undertakes the determination, for 
a simple model, of functions N;,(7) which re- 
present the numbers of atoms of various kinds 
displaced when a primary atom receives an en- 
ergy T. Assuming isotropic collisions involving 
pairs of free atoms, differential equations are 
formulated which contain concentrations, colli- 
sion cross sections and mass ratios as param- 
eters. Binding of the atoms is introduced through 
initial conditions which define threshold energies 
for displacement. Assuming a single threshold, 


linear equations for Laplace transforms are ob- 
tained and used to study the high-energy beha- 
vior of the functions. The effect of separate 
thresholds for the various kinds of atoms is ex- 
amined for the case of equal masses. 

Detailed calculations for diatomic solids indi- — 
cate that cascades of moderate energy are rather 
well described by the high-energy equations and 
that the total number of displaced atoms is in- 
sensitive to mass ratio. Consideration of a 
monatomic solid with a spectrum of thresholds 
shows that such a solid should behave as though 
it possesses a single sharp threshold slightly 
below the mean of the spectrum. 


MAGNETIC COUPLING IN CRYSTALLINE COM- 
POUNDS. A PHENOMENOLOGICAL THEORY OF 
MAGNETISM IN 3d METALS. E. O. Wollan, Oak 
Ridge National Laboratory, Oak Ridge, Tennessee 
(Received June 23, 1958; revised manuscript 
received March 9, 1959). 


Magnetic coupling processes are considered 
in terms of the orbitals which result from the 
splitting of the d levels by the crystalline field. 
It is shown that the antiferromagnetic and ferro- 
magnetic structure properties of many crystalline 
compounds can be qualitatively accounted for on 
the basis of indirect coupling processes which 
depend on the overlap of magnetic cation d orbi- 
tals with the p orbitals of intervening anions and 
on the electron spin occupation appropriate to 
the particular cations involved. 

The orbital approach has also been used in 
considering the magnetic properties of the 3d 
metals and a coupling mechanism has been pro- 
posed which is consistent with much of the mag- 
netic data relating to the iron group metals and 
their alloys. 


MEASUREMENT OF EXCITATION OF N,, CO, 
AND He BY ELECTRON IMPACT. G. J. Schulz, 
Westinghouse Research Laboratories, Pittsburgh, 
Pennsylvania (Received July 17, 1959). 


The inelastic excitation of N, and CO by elec- 
tron impact is studied using the trapped-electron 
method. In this method those electrons which 
have lost a portion of their initial energy in an 
inelastic collision are trapped in a potential well. 
Well depths up to 3 volts are used in the present 
experiment. The operation of the apparatus is 
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checked for helium, where the shape of the ex- 
citation function is known accurately. The shape 
of the excitation function for metastable helium 
atoms obtained by the trapped-electron method 
is in good agreement with previous results. A 
large inelastic peak is observed at 2.3 ev in N, 
and 1.7 ev in CO. This phenomenon is discussed 
in terms of the formation of a temporary nega- 
tive-ion state of N, or CO and subsequent decay 
into various vibrational levels of the molecule. 
This model explains the sharp peak in both the 
elastic and inelastic cross sections in N, and 
CO. Neither O, nor H, shows such a sharp peak 
at low energies. 


ELECTRON SCATTERING BY NOBLE GASES IN 
THE LIMIT OF ZERO ENERGY. Bennett Kivel, 
AVCO-Everett Research Laboratory, Everett, 
Massachusetts (Received July 22, 1959). 


The elastic scattering at zero energy by argon 
depends strongly on the polarization tail, since 
the contribution to the scattering length by forces 
inside the atom cancel. Assuming this is true 
for all noble gases one can approximate their 
zero-energy elastic cross section by 3.52 x10-° 
x(p/r,)? cm’, where both p, the polarizability, and 
Y,, the size of the atom, are in atomic units. 
Using published values of the polarizability and 
scaling 7, as the cube root of the atomic number 
from y,=8 for argon, we find that this express- 
ion is consistent with existing experimental data. 
It is conjectured that the success of this approxi- 
mation is a result of the Pauli exclusion princi- 
ple. 


CROSS SECTIONS FOR THE EXCITATION OF 
THE METASTABLE 2S STATE OF ATOMIC 
HYDROGEN BY ELECTRON COLLISION. William 
Lichten* and Sheldon Schultz, Columbia Radiation 
Laboratory, Department of Physics, Columbia 
University, New York, New York (Received 

July 6, 1959). 


The function for excitation of the 2S state of 
atomic hydrogen by electron impact has been 
measured from threshold to 45 ev by an atomic 
beam method. The absolute value of the total 
cross section has been determined by two inde- 
pendent methods which are in agreement. In one 
method the excitation function was normalized to 
the Born approximation at the higher energies. 
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The mechanism of cascade from higher P states 
was found to play a significant role in population 
of the metastable 2S level. The other method 
proceeded by determining the metastable detec- 
tion efficiency in terms of the known efficiency 
for Lyman a photons. The yield for ejection of 
electrons from an untreated platinum surface by 
H(2S) is 0.065+0.025. The total cross section 
reaches a maximum value of (0.35+0.05)ra,° at 
11.7 ev. The exchange cross section was also 
measured by the atomic beam method. The inci- 
dent atoms were polarized in a Stern-Gerlach 
experiment; the metastable atoms were analyzed 
by the selective quenching action of a magnetic 
field of 575 gauss. The ratio of the exchange to 
total cross section is 0.45+0.05 near threshold. 
At higher energies, this ratio approaches zero. 
The cross section for production of metastable 


atoms by direct bombardment of molecular hydro- 


gen is 0.037a,”. This value is considered correct 
to within a factor of two. 


* 
Present address: Department of Physics, Univer- 
sity of Chicago, Chicago, Illinois. 


u-MESONIC MOLECULES. I. THE THREE- 
BODY PROBLEM. Stanley Cohen, David L. 
Judd, and Robert J. Riddell, Jr., f Radiation 
Laboratory, University of California, Berkeley 
California (Received July 27, 1959). 


An approximate method is developed for treat- 
ing a generalized hydrogen molecule ion in which 
two heavy particles have positive unit charges 
and one light particle has a negative unit charge. 
The expansion parameter of this approximation 
is the ratio of the light to the heavy mass. In 
first order, the method requires finding a solu- 
tion to a pair of ordinary, second-order differ - 
ential equations, which are coupled unless the 
masses of the heavy particles are equal. Explicit 
expressions for the coefficients in these equations 
are derived. The asymptotic forms of these co- 
efficients for large nuclear separations give to 
first order the reduced-mass corrections to the 
binding energy of the light particle on either of 
the two heavy particles. The usual scattering 
theory is extended to obtain formulas for the 
various possible cross sections associated with 
this system. An iterative, variational technique 
for obtaining eigenvalues and eigenfunctions for 
bound states of the system is presented. 


Present address: Argonne National Laboratory, 
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Lemont, Illinois. 
tOn leave of absence to U. S. Atomic Energy Com- 
mission, Washington, D.C. 


u-MESONIC MOLECULES. Il. MOLECULAR- 
ION FORMATION AND NUCLEAR CATALYSIS. 
Stanley Cohen,* David L. Judd, and Robert J. 
Riddell, Jr.,! Lawrence Radiation Laboratory, 
University of California, Berkeley, California 
(Received July 27, 1959). 


The methods developed in the preceding paper 
are applied to the study of the behavior of » 
mesons in liquid hydrogen. Numerically eval- 
uated energy eigenvalues for the bound states of 
the various molecular-ion configurations are 
presented. Phase shifts and cross sections for 
the scattering of mesonic atoms from hydrogen 
and deuterium are given. It is shown that in the 
neighborhood of 0.2 ev the scattering of (di) 
atoms from protons exhibits a Ramsauer- 
Townsend effect with an anomalously small cross 
section occurring in this region. The existence 
of this effect provides an explanation for the 
appearance of “gaps” in the experimental obser- 
vation of the catalytic process. The rate of ex- 
change of mesons from protons to deuterons in 
pure deuterium is calculated along with the rates 
of formation of the (pup)*, (pud)*, and (dud)* 
molecular ions. It is shown that the predominant 
mechanism for the formation of the molecular 
ions is dipole electron ejection. These results 
are shown to be in agreement with available ex- 
perimental data. A semiphenomenological treat- 
ment of the (p,d) nuclear reaction is also given. 
A rough estimate of the y-emission process indi- 
cates that the dominant mode of emission is from 
the singlet proton spin states. 


‘Present address: Argonne National Laboratory, 


Lemont, Illinois. 
tOn leave of absence to U. S. Atomic Energy Com- 
mission, Washington, D.C. 


CROSS SECTIONS AND ANGULAR DISTRIBU - 
TIONS FOR THE B?°%(a,d)C’* REACTION FROM 
3.1 Mev TO 3.7 Mev. Kazuo Ono and Keiichi 
Kuroda, Institute for Solid State Physics, Uni- 
versity of Tokyo, Tokyo, Japan (Received 

July 29, 1959). 


In order to investigate the possibility of direct 
interactions in (a@,d) reactions, the B'°(a,d)C” 


reaction has been studied from an alpha-particle 
bombarding energy of 3.1 to 3.7 Mev. The yield 
curves are rather flat and show no typical reso- 
nance structures. Angular distributions show a 
peak at about 6, », =70° and an increase of in- 
tensity in the backward direction over the entire . 
alpha-particle energy range. These results indi- 
cate that the B*°(a,d)C’* reaction proceeds mostly 
by direct processes, probably both knock-on and 
heavy-particle stripping ones. 


CALORIMETRIC DETERMINATION OF THE AV- 
ERAGE TOTAL KINETIC ENERGY OF FRAG- 
MENTS FROM FISSION OF U?"> AND U?** BY 
14-Mev NEUTRONS. P. C. Stevenson, H. G. 
Hicks, J. C. Armstrong, Jr., and S. R. Gunn, 
Lawrence Radiation Laboratory, University of 
California, Livermore, California (Received 
July 17, 1959). 


The fission yields of Mo” from 14-Mev neutron 
bombardments of U?*® and U*** were found to be 
(5.01 + 0.15)% and (5.86+0.16)%, respectively. 

The average total fragment kinetic energies re- 
leased in fission of U?** and U*** were found to be 
174+4 and 175+2 Mev, respectively. 


EXCITED STATES OF B**. G. C. Morrison and 
J. A. Galey, Enrico Fermi Institute for Nuclear 
Studies, University of Chicago, Chicago, Illinois 
(Received July 20, 1959). 


The energy levels in B** up to an excitation 
energy of 6 Mev have been investigated by means 
of the reaction Li’(Li’, )B** at an energy of 2 
Mev for the incident Li’ ions. Selection and iden- 
tification of the outgoing protons in the presence 
of deuterons, tritons, and alpha particles emitted 
in competing reactions is achieved with a propor- 
tional counter-CsI(T1) scintillation counter tele- 
scope system which gives a measure of the dE /dx 
and E of the emitted particle. From the observed 
energy spectrum of protons emitted at 90°, the 
Q-value of the reaction leading to the ground 
state of B'* was determined to be 5.97+0.05 Mev 
in agreement with a previous measurement by 
Norbeck, and the energy of excitation of the first 
four levels in B'* were determined to be 3.70 
+0.05 Mev, 4.16+0.05 Mev, 5.05+0.08 Mev, and 
5.5+0.1 Mev. At 90° in the laboratory system 
the relative intensities of the proton groups lead- 
ing to the ground state and first four excited 
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states are in the ratio of 1.0: 2.6:0.8:1.6:1.0, 
respectively. 


ANGULAR DISTRIBUTION OF Li® FROM 
Be*(Li’, Li®)Be®. E. Norbeck, J. M. Blair, L. 
Pinsonneault, and R. J. Gerbracht, School of 
Physics, University of Minnesota, Minneapolis, 
Minnesota (Received July 21, 1959). 


Angular distribution curves and an excitation 
curve are given for Li® produced by the reaction 
Be*(Li’, Li*)Be® with Li’ beam energies between 
2.0 and 4.0 Mev. The angular distribution may 
be roughly approximated by sin’é in the center- 
of-mass system, with the central peak shifting 
forward as the energy is increased. The total 
cross section for the production of Li® increases 
with energy with no indication of resonances. 


RADIATIVE PROTON CAPTURE BY O”*. J. W. 
Butler and H. D. Holmgren, Nucleonics Division, 
United States Naval Research Laboratory, Wash- 
ington, D. C. (Received July 20, 1959). 


A search for gamma-emitting levels in F’® be- 
tween 8.3 and 9.8 Mev of excitation energy has 
been made by bombarding a NiO target (39% O'*) 
with protons over the energy range 360 to 1960 
kev. Resonances in the gamma-ray yield were 
observed with the use of a 3-in. diam x3-in. 
sodium iodide crystal and a 20-channel pulse- 
height analyzer. The results are as follows: 





Resonance Resonance y-ray 
energy width energies 
(kev) (kev) (Mev) 
630 + 2 2.6+1.0 8.5+0.2 
849 +3 4025 8.52+0.3,7.2 20.2, 
4.8+0.2,4.3+0.2(?), 
2.4+0.2(?) 
1169 +2 =0.9 8.8+0.2,7.7+0.2, 
6.27 +0.05,3.67 + 0.05, 
2.59 + 0.05, 1.24 20.05 
1399 +5 <15 
1685 +5 <15 
1769 +2 4.0+1.0 9.4+0.3 
1931 +2 1.521.0 9.8+0.2,8.45+0.10 





The angular distribution of the 6.27-Mev gamma 
ray from the 1169-kev resonance was measured, 
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and the results are listed in tabular form. The 
results of the present experiment are compared 
with other experiments using the O'*(p, y)F’®, 
0'*( p, a)N*®, and O'8(d, n)F?* reactions. 


CONSERVATION OF PARITY IN STRONG INTER- 
ACTIONS. R. Haas,* L. B. Leipuner, and R. K. 
Adair, Brookhaven National Laboratory, Upton, 
New York (Received July 16, 1959). 


An investigation was made of the angular dis- 
tribution of the gamma rays produced by the 
capture of slow polarized neutrons in cadmium, 
indium, and silver. The portion of the intensity 
of the transitions from the spin-one capture 
state of Cd*"* to the spin-zero ground state and 
spin-two first excited state, which is proportional 
to cos6, where 6 is the angle between the neutron 
spin and the direction of propagation of the gam - 
ma ray, was measured to be less than one part 
in 10°. From this result the conclusion is 
reached that the intensity of the odd-parity part 
of the neutron capture state is less than 2x107° 
times as large as the even-parity part, and that 
the parity-nonconserving part of nuclear forces 
is less than 10~* times as strong as the parity- 
conserving part. Qualitatively similar, though 
weaker, conclusions were derived from the 
measurements on silver and indium. 


“Present address: Technische Hochschule Munchen, 
Munich, Germany. 


NEUTRON YIELDS FROM TARGETS BOM - 
BARDED BY ELECTRONS. W. C. Barber and 
W. D. George, High-Energy Physics Laboratory, 
Stanford University, Stanford, California (Re- 
ceived July 21, 1959). 


The total neutron yields from thick targets 
bombarded by electrons were measured as a 
function of electron energy for the range 10 to 
36 Mev. Targets ranging in thickness from one 
to six radiation lengths of C, Al, Cu, Ta, Pb, 
and U were used. The yields for 1- and 6- 
radiation-length targets of Pb at 34 Mev are 
2.1x10-° and 9.0x107° neutron/electron. Extra- 
polation to infinite target thickness gives a value 
of 9.5x10-* neutron/electron. The yield, com- 
paring targets of one radiation length, from C 
is about 10 times smaller and that from U two 
times greater than the yield from Pb. An ex- 
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planation of the relative Z dependence of the 
yield in terms of known photonuclear cross sec- 
tions is successful to within a factor of 1.5. The 
absolute accuracy of the results is estimated to 
be + 15%. 

Calibration of the neutron-detecting equipment 
was made with a Ra-Be source and checked by 
measuring the yields, due to electro- and photo- 
disintegration of the deuteron, from a heavy- 
water target. In addition, yields from thin tar- 
gets of Be and Cu were observed as a function 
of electron energy. The data for Be yielda 
value of (0.0184 0.003) Mev-barn for the (y, 7) 
cross section integrated to 17 Mev. The data 
for Cu were analyzed and combined with other 
measurements to give an approximate cross 
section for the Cu(y,pm) reaction. 


PLANE POLARIZATION OF 15.1-Mev BREMS- 
STRAHLUNG FROM 25-Mev ELECTRONS. 

D. Jamnik* and P. Axel, Physics Department, 
University of Illinois, Urbana, Illinois (Received 
July 20, 1959). 


Linearly polarized gamma rays were produced 
with the aid of a special betatron doughnut which 
made it possible to limit the effective thickness 
of the bremsstrahlung -producing Al and Pt tar- 
gets. The linear polarization of 15.1-Mev brems- 
strahlung gamma rays was detected by measuring 
the azimuthal angular distribution of gamma rays 
which had been scattered elastically from the 
well-known nuclear level in C™. 

For the particular effective thickness of Al that 
was used, the maximum polarization of 15.1-Mev 
gamma rays in the bremsstrahlung of 25-Mev 
electrons was 1.53+0.05. (This corresponds to 
21% in the more conventional polarization nota- 
tion.) Both this observed maximum (which oc- 
curred at an angle of 1.4°) and the polarization 
measured at four other angles confirm theoreti- 
cal predictions. 

With the platinum target that was used, the ob- 
served polarization of 1.28+0.04 was about 10% 
lower than the value predicted by theoretical 
calculations which use the Born approximation 
and neglect screening. However, available 
screening and Coulomb corrections bring the 
theoretical predictions into essential agreement 
with the experimental values. 

Since the elastic scattering pattern of gamma 
rays shows unambiguously that the strong photon 
scattering level at 15.1 Mev in C™ is excited by 


magnetic dipole radiation, this level has spin 1 
and even parity. 


- 
Visitor from J. Stefan Institute, Ljubljana, 
Yugoslavia. 


DETECTION OF THE FREE ANTINEUTRINO. 
F. Reines,* C. L. Cowan, Jr.,! F. B. Harrison, 
A. D. McGuire, and H. W. Kruse, Los Alamos 
Scientific Laboratory, University of California, 
Los Alamos, New Mexico (Received July 27, 
1959). 


The antineutrino absorption reaction p(y, p*)n 
was observed in two 200-liter water targets each 
placed between large liquid scintillation detectors 
and located near a powerful production fission 
reactor in an antineutrino flux of 1.2 x10** cm~? 
sec™*. The signal, a delayed coincidence event 
consisting of the annihilation of the positron 
followed by the capture of the. neutron in cadmium 
which was dissolved in the water target, was 
subjected to a variety of tests. These tests 
demonstrated that reactor-associated events 
occurred at the rate of 3.0 hr~* for both targets 
taken together, consistent with expectations; the 
first pulse of the pair was due to a positron; the 
second to a neutron; the signal depended on the 
presence of protons in the target; and the signal 
was not due to neutrons or gamma rays from the 
reactor. 


*Now at the Department of Physics, Case Institute of 
Technology, Cleveland, Ohio. 

Now at the Department of Physics, Catholic Univer- 
sity of America, Washington, D. C. 


THE REACTION C"*(d,)N**. A. Elwyn,* J. V. 
Kane, S. Ofer,t and D. H. Wilkinson,! Brook- 
haven National Laboratory, Upton, New York 
(Received July 30, 1959). 


The reaction C’*(d,n)N** has Q=-0.28 Mev and 
so is expected to show strong direct-interaction 
effects even at low energies of the bombarding 
deuterons. We have made an extensive study of 
this reaction at 14 values of the deuteron energy 
between E,=1.45 Mev and E,=2.95 Mev. At 
each deuteron energy the differential cross sec- 
tion was measured at about 20 angles between 0° 
and 165°. Neutron time-of-flight techniques were 
used and each point on each angular distribution 
represents the detection of at least 10° neutrons. 
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Direct interaction effects are seen at all bom- 
barding energies in the backward as well as in 
the forward hemisphere. The differential cross 
section at 0° shows very pronounced “resonance” 
structure but this largely disappears in the in- 
tegrated cross section and is due chiefly to in- 
terference between the direct interaction term 
and the probably quite small compound nucleus 
contribution. A rough method for eliminating 

the interference terms between the two mechan- 
isms in the differential cross section is proposed 
and applied. The resultant “purified” angular 
distribution is remarkably close, in the forward 
hemisphere, to that predicted by simple stripping 
theory. A backward maximum, much lower than 


the forward peak, is also present but not accounted 


for. 


* Permanent address: Argonne National Laboratory, 
Lemont, Illinois. 

Ton leave from The Hebrew University, Jerusalem, 
Israel. 

tPermanent address: Clarendon Laboratory, Oxford 
England. 


DIFFERENTIAL CROSS SECTIONS FOR THE 
Be*(He*®, »)B" REACTION. E. A. Wolicki, H. D. 
Holmgren, R. L. Johnston, and E. Geer IIlsley,* 
Nucleonics Division, United States Naval Research 
Laboratory, Washington, D. C. (Received July 17, 
1959). 


The differential cross sections for the six high- 
est energy proton groups from the Be*(He’, »)B™ 
reaction have been measured as a function of 
angle at a bombarding energy of 4.5 Mev. For 
the five highest energy groups, the cross sec- 
tions are largest in the forward direction and 
are not symmetric about 90°. For all six proton 
groups, yields observed at large angles to the 
incident beam direction are comparable to the 
forward yields. A strong maximum in the back- 
ward direction is observed for the third excited 
state proton group. At 4.5 Mev, the total cross 
sections are 11.5 millibarns for the ground-state 
proton group and 7.4 millibarns for the first 
excited state proton group. For the proton groups 
leaving B™ in the ground and first excited states, 
differential cross sections have been measured 
at six angles as a function of bombarding energy 
in the range from 1.8 to 5.0 Mev. In each case, 
the total cross section for the reaction shows no 
resonances. The change in the angular distribu - 
tions which may be inferred from these yield 
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curves is seen to proceed in a gradual manner 
with increasing bombarding energy. Differential 
cross sections for the second and third excited 
state proton groups were measured at 7° and 90° 
in the bombarding energy interval from 3.0 to 
5.0 Mev. The observed characteristics for this 
reaction taken together indicate that direct in- 
teractions are important 


* 
Present address: Albany Metallurgical Research 
Center, Albany, Oregon. 


SINGLE -PARTICLE ENERGIES IN THE THEORY 
OF NUCLEAR MATTER. K. A. Brueckner and 
D. T. Goldman, Department of Physics, Univer- 
sity of Pennsylvania, Philadelphia, Pennsylvania 
(Received July 20, 1959). 


The excitation spectrum of real and virtual 
excitations is discussed from the point of view 
of the perturbation series expansion. The effect 
of the rearrangement energy terms in the single- 
particle virtual excitation spectrum is evaluated 
and seen to be very small. It is also noted that 
the virtual particle energies are real due to the 
effects of off-energy-shell propagation. 

Starting from the reaction matrix approxima- 
tion for the ground-state energy, the energies of 
real particle and hole excitations are defined 
which satisfy the separation energy theorem. It 
is shown that the energies so defined depend on 


an infinite sequence of terms giving the rearrange; 


ment energy for multiple excitations. Appropri- 
ate termination and evaluation of this series are 
discussed. 


LEVELS OF P”® FROM Si?*(p, p)Si?® AND Si?*(p, 
p’)Si?®*. J. Vorona,* J. W. Olness,? W. Hae- 
berli,t and H. W. Lewis, Duke University, Dur- 
ham, North Carolina (Received July 22, 1959). 


Differential cross sections for the elastic and 
inelastic scattering of protons from Si”® have 
been measured at center-of-mass scattering 
angles of 167.7°, 141.3°, 90.0°, and 54.7° for 
proton energies between 1.4 and 3.8 Mev. Reso- 
nances were observed at proton energies of 1.66, 
2.09, and 2.88 Mev, in addition to the resonances 
at 3.10, 3.34, 3.58, and 3.71 Mev which corre- 
spond to levels in P”® reported previously by 
other investigators from studies of the gamma 
rays from Si?*(p,p’y)Si**. Differential cross sec- 
tions and angular distributions for inelastic 
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scattering to the 1.78- Mev first excited state of 
Si?® were also measured for proton energies 
above 3 Mev. Measurements were made with a 
gas scattering chamber containing silane (SiH,) 
as the target gas. The elastic scattering data 
were analyzed in terms of the single-level ap- 
proximation of the dispersion theory to deter- 
mine the resonance parameters. This analysis, 
together with the analysis of the inelastic scatter- 
ing cross sections and angular distributions, has 
resulted in the following assignments of reso- 
nance energies (Mev) and spins and parities for 
the resonance levels of P?*: 1.660 (3/2°); 2.090 
(1/2*); 2.88 (1/27); 3.100 (5/27); 3.337 (3/2*); 
3.575 (3/2°); and 3.711 (3/2*). The large re- 
duced elastic scattering widths of the p-wave re- 
sonances at 1.660 and 2.88 Mev suggest that these 
levels correspond to single-particle excitations 


of P?°, 


“Now with the U. S. Government. 

tNow at the Aeronautical Research Laboratory, 
Wright Patterson Air Force Base, Ohio. 

tNow at the University of Wisconsin, Madison, Wis- 
consin. 


DIFFERENTIAL ELASTIC SCATTERING OF 14- 
Mev NEUTRONS BY Zn, Sn, Sb, Pb, AND Bi. 
L. A. Rayburn, Argonne National Laboratory, 
Lemont, Illinois (Received July 20, 1959). 


Differential elastic scattering cross sections 
in the angular interval from 10° to 165° have been 
measured for Zn, Sn, Sb, Pb, and Bi. The ex- 
perimental measurements are corrected for 
multiple scattering and the finite angular resolu- 
tion by Monte Carlo methods. The corrected 
cross sections are compared with theoretical 
values computed by use of a complex potential 
with a spin-orbit term. 


COULOMB EXCITATION OF NUCLEI BY Li® 
AND Li’ PROJECTILES. C. S. Littlejohn and 

G. C. Morrison, Enrico Fermi Institute for 
Nuclear Studies, University of Chicago, Chicago, 
Illinois (Received July 29, 1959). 


In order to examine the characteristics of 
lithium-ion induced Coulomb excitation, and to 
extend the cross-section ratio technique for the 
determination of the multipolarity of transitions, 
a study has been made of the gamma rays emitted 
following electric excitation of several different 
target nuclei by Li® and Li’ ions in the energy 


range 1.1 to 2.2 Mev. Measurements have been 
made of thick target yields of the 110-kev (£1) 
and 198-kev (E2) gamma rays from F’®, the 128- 
kev (E2) gamma ray from Mn®, and the 160-kev 
(E2) gamma ray from Ti*’, and compared with 
yields calculated from the theoretical cross sec- 
tions. The yields of the gamma rays studied 
were observed to increase with beam energy in 
the manner predicted by theory for electric 
dipole or electric quadrupole excitation. The 
ratio of the Li® and Li’ induced yields at cor - 
responding (equal é) energies for £1 and £2 
transitions after correction for range effects 
were found to agree, within the estimated errors, 
with the theoretical predictions for cross-section 
ratios. 


DIRECTIONAL AND POLARIZATION CORRE- 
LATION MEASUREMENTS ON ne". G. Tf. 
Wood, Institute for Theoretical Physics, Uni- 
versity of Copenhagen, Copenhagen, Denmark 
(Received July 31, 1959). 


The spins and parities of the 1511-kev level in 
Sm?* and the 1315-kev level in Gd’ are dis- 
cussed on the basis of directional correlation 
and polarization-direction correlation measure- 
ments on the 1389-122 kev and 970-344 kev 
gamma-gamma cascades, following the decay of 
9-hour Eu’**”", Both levels have been assigned 
spin and parity 1°. In order to check the appa- 
ratus on cascades known on the basis of previ- 
ous measurements, directional and polarization- 
direction correlation measurements have also 
been made on the 842-122 kev (from 9-hour 
Eu'*?”") and 1409-122 kev (from 12-year Eu'*?) 
cascades in Sm’™, 


. 
Present address: University of Pennsylvania, 
Philadelphia, Pennsylvania. 


NEUTRONS FROM THE PROTON BOMBARD- 
MENT OF Li® AND Li’. F. Ajzenberg-Selove 

and C. F. Osgood, Haverford College, Haverford, 
Pennsylvania, and C. P. Baker, Brookhaven Na- 
tional Laboratory, Upton, New York (Received 
July 31, 1959). 


The Li’(p, n)Be’ and Li®(p,n)Be® reactions 
were studied at Ep= 10.5 Mev, by the method of 
proton recoils in nuclear emulsions. The Li"(p, 
n)Be’ spectra at 30° and 90° show the known 
states of Be’ at 0, 0.43, and 4.53 Mev. The 
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cross section for formation of the ground state 
at 90° (lab) is 3.2 mb/sterad (430%). The Li*(p, 
n)Be® spectra at 30°, 60°, 90°, and 135° show 
ground-state groups with Q = -5.05+0.2 Mev. 
This leads to (M-A) for Be®=20.13+0.2 Mev. 
Be*(0) is thus unbound with respect to (He* + 2p) 
by 1.35 Mev. The cross section for formation of 
Be*(0) at 90° (lab) is 0.5 mb/sterad (430%). At 
90°, there is also indication of a sharp excited 
state at E,=1.5+0.2 Mev. The lifetimes of 
Be*(0) and Be*(1.5 Mev) are 24x10-" sec and >7 
x10°? sec, respectively. These results are dis- 
cussed in terms of the other available informa- 
tion on the A =6 isobars. 


SEARCH FOR LOW-ENERGY GAMMA RAYS IN 
O'*. William W. Pratt, Department of Physics, 
The Pennsylvania State University, University 
Park, Pennsylvania, and Robert G. Cochran, * 
College of Engineering and Architecture, The 
Pennsylvania State University, University Park, 
Pennsylvania (Received July 29, 1959). 


In the expectation that at least one low-energy 
transition from the fourth excited state of O*® 
may compete to an observable extent with the 
7.11-Mev ground-state transition, a search was 
made for the 0.97-Mev (1~~37) and the 1.05-Mev 
(1-~0*) gamma rays. Limiting values, /(7.11)/ 
1(0.97) > 200 and /(7.11)//(1.05) >370, were found 
for the branching ratios. 


* 
Present address: The Texas Agricultural and 
Mechanical College, College Station, Texas. 


NEUTRON-INDUCED FISSION CROSS SECTION 
OF Np?*’. H. W. Schmitt and R. B. Murray, Oak 
Ridge National Laboratory, Oak Ridge, Tennes- 
see (Received July 27, 1959). 


The neutron- induced fission cross section of 
Np**” has been measured as a function of neu- 
tron energy in the range 0.9 to 8.0 Mev. Meas- 
urements above 1.7 Mev were made relative to 
the fission cross section of U*** using 27-count- 
ing of fission fragments from thin fissile de- 
posits placed back to back in a gridded ioniza- 
tion chamber. In the range 0.9 to 2.8 Mev the 
energy dependence of the Np**’ fission cross 
section was determined relative to the T(p, m)He® 
yield, and the results were normalized to those 
of the comparison counting experiment in the 
overlapping energy range. Results show that 
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the cross section increases above threshold to 

a maximum value of 1.75 barns at ~2 Mev, de- 
creases to 1.40 barns at ~5 Mev, and increases 
again to 2.14 barns at 8 Mev. Estimated uncer- 
tainty in the absolute magnitude of oANp) is+7%. 


ISOMERIC LEVEL IN Pb?” FORMED IN THE 
DECAY OF Bi”. Stanley H. Vegors, Jr.,* and 
R. L. Heath, Atomic Energy Division, Phillips 
Petroleum Company, Idaho Falls, Idaho (Re- 
ceived July 24, 1959). 


An activity of 4.8-msec half-life which is as- 
signed to Pb”°”” has been observed in the elec- 
tron-capture decay of 14.5-day Bi?®. This iso- 
meric level decays with the emission of 987.8, 
703.3, and 284.4-kev gamma rays with relative 
transition intensities of 100, 10, and 10. No 
other gamma rays of energy greater than 10 kev 
were observed in the decay of this isomer. The 
284.4- and 703.3-kev gamma rays are in coinci- 
dence but neither is in coincidence with the 
987.8-kev transition. This evidence suggests 
that the 987.8-kev level de-excites directly to 
the ground state by the emission of a 284.4, 
703.3-kev cascade with a 987.8-kev crossover. 
There is some evidence (not conclusive) that the 
987.8-kev level itself may not be isomeric but 
that it may be fed entirely by a highly converted 
low-energy transition (< 100 kev) from an iso- 
meric level. 


"Present Address: Physics Department, Idaho State 
College, Pocatello, Idaho. 


RESONANCE FISSION WIDTHS OF U**> FOR 
LEVELS FROM 6 ev TO 50 ev. W. W. Havens, 
Jr., E. Melkonian, L. J. Rainwater, and J. L. 
Rosen, Columbia University, New York, New 
York (Received July 30, 1959). 


The energy variation of the total and fission 
cross sections of U*** has been measured with 
the Nevis synchrocyclotron neutron velocity 
spectrometer. Fission widths for most of the 
levels up to 50 ev have been deduced from these 
measurements. The distribution of the 38 known 
fission widths shows that the number of channels 
available for the fission process is between one 
and four and is most probably two. If ry is dif- 
ferent for the two possible spin states of the 
compound nucleus, these cannot differ by more 
than an order of magnitude. 
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MULTIPLE MESON PRODUCTION IN NUCLEON- 
NUCLEON INTERACTIONS AT ENERGIES OF 
10' ev. Marcel Schein, D. M. Haskin, E. Lohr- 


mann, and M. W. Teucher, Department of Physics, 


University of Chicago, Chicago, Illinois (Re- 
ceived July 13, 1959). 


A nuclear interaction of type 0 +20p observed 
in nuclear emulsion was analyzed by measuring 
the energies and angles of the secondary parti- 
cles. The primary energy, as determined from 
the angular distribution of the tracks, is 2.7 
x10" ev. This value is in agreement with an 
independent estimate obtained from the total 
energy dissipated. A secondary collision of type 
0+20n was also analyzed in the same way. Its 
energy is 1.4x10"* ev, which is comparable to 
the primary energy. The inelasticity of the pri- 
mary event is 0.5470-18. 

Energy and angular distributions of the shower 
particles in the center-of-mass (c.m.) system are 
given for both events. The shower particles 
show a correlation in the sense that those with 
the highest energies are emitted in the c.m. sys- 
tem under small angles with the shower axis. 

The energy distribution of the mesons in the 
c.m. system is peaked toward low energies and 
shows a remarkably long tail at high energies 
extending up to 10 Bev. One of these particles 
is a n° meson, which carries off about 23 % of 
the total energy. 

The average value of the transverse momentum 
of the shower particles is 0.3+0.05 Bev/c. 


MODIFIED ANALYSIS OF NUCLEON-NUCLEON 
SCATTERING. IL COMPLETED ANALYSIS OF 
p-p SCATTERING AT 310 Mev. Malcolm H. 
MacGregor, Michael J. Moravscik, and Henry P. 
Stapp, Lawrence Radiation Laboratory, Univer- 
sity of California, Livermore and Berkeley, 
California (Received May 28, 1959). 


The application of a recently suggested modi- 
fied method of analysis of nucleon-nucleon scat- 
tering experiments to p-p scattering at 310 Mev 
has been completed. The results are summarized 
and compared with the work of Gammel and Tha- 
ler and of Signell and Marshak. The analysis is 
carried out on several levels, with varying num- 
ber of angular-momentum states being described 
by phenomenological phase shifts while the higher 
angular-momentum states are represented by the 
one-pion exchange contribution. It is found that 


the inclusion of the high angular-momentum 
states in this manner makes a significant im- 
provement in the analysis. The pion-nucleon 
coupling constant is also determined from the 
data with a fair accuracy. The five “best” sets 
of phase shifts of the conventional analysis are 
reduced to two sets, corresponding to Solution 1 
and 2 of the conventional analysis. Some slight 
evidence favors Solution 1 over Solution 2. It is 
shown that a very satisfactory fit can be obtained 
with 9 parameters instead of the 14 parameters 
of the conventional analysis. Some remarks are 
made about the extent to which Solutions 1 and 2 
are distinct. Experiments are suggested which 
could resolve the remaining ambiguity due to the 
existence of two sets of phase shifts. 


STABILITY OF THE ADIABATIC MOTION OF 
CHARGED PARTICLES IN THE EARTH’S 
FIELD. Theodore G. Northrop and Edward 
Teller, Lawrence Radiation Laboratory, Uni- 
versity of California, Livermore, California 
(Received July 20, 1959). 


The motion of charged particles in a magnetic 
field such as that of the earth or that of a mag- 
netic mirror machine is discussed. It is shown 
that during the motion and drift of a relativistic 
particle, not only the magnetic moment, but also 
a longitudinal invariant and an additional flux 
invariant are adiabatically conserved. These 
conservation laws lead to retention of the parti- 
cles in the field. The derivation of the adiabatic 
invariants leads to a set of equations of motion 
which describe the average drift of the particles 
from one force line to the other, and which also 
describe the changes that occur in the energies 
and periods associated with the motion. In the 
absence of scattering, loss of particles from 
the magnetic field will be due to the violation of 
the adiabatic laws. 


MUON CAPTURE BY C” AND BETA DECAY OF 
B’*. G. Flamand, Palmer Physical Laboratory, 
Princeton University, Princeton, New Jersey, 
and K. W. Ford, Brandeis University, Waltham, 
Massachusetts (Received July 23, 1959). 


The finite size of the carbon nucleus causes 
the K-orbit muon density within the nucleus to be 
smaller than the density for a point nucleus. 
Previously calculated muon capture rates in car- 
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bon should be reduced by about 6% for this effect. 


Our recalculated capture rate to the ground state 
of B” does not differ greatly from previously 
calculated values. It is 7300 sec™, with an 
assigned theoretical error of about 10%. The 
result tends to support the Feynman-Gell- Mann 
proposal of a conserved vector current in the 
framework of a universal Fermi interaction. We 
give also various predicted correlation coeffi- 
cients, which do not differ significantly from 
those of Wolfenstein. 

The allowed and all second-forbidden matrix 
elements have been calculated as functions of 
the intermediate coupling parameter a/K. The 
beta decay rate of B”’ is predicted correctly for 
a/K =4.5, a value which is close to that favored 
by other evidence. The calculated second -for - 
bidden vector matrix element differs by 20% 
from the “experimental” value derived from a 
magnetic dipole transition rate in C’. 


PION-PROTON SCATTERING BELOW 150 Mev. 
S. W. Barnes, B. Rose,* G. Giacomelli,! J. Ring, 
K. Miyake, and K. Kinsey, University of Roches- 
ter, Rochester, New York (Received July 16, 
1959). 


Positive-pion proton differential cross sections 
have been measured at 41.5 Mev for six angles. 
The angles in the center-of-mass system are 
53°, 69.1°, 100.4°, 128°, 141.7°, and 163.5° and 
the corresponding cross sections in mb/sterad 
in the center-of-mass system are 0.252 + 0.020, 
0.354+0.025, 0.777+0.038, 1.145+0.067, 1.495 
+0.084, and 1.750+0.110. Negative-pion elastic 
scattering cross sections have been measured 
for the first five of the above angles and are, 
respectively, in mb/sterad in the c.m. system: 
0.338+ 0.047, 0.281+0.038, 0.148+0.029, 0.112 
+0.042, and 0.085+0.025. Phase shift analyses 
of these data and those of other authors lead to 
the following expressions for the low-energy be- 
havior of the T= 3 phases: 


a5,” = -(0.0418 + 0.004)7?, 
a,” =-(0.1145 + 0.0026)n, 


and 


cota,,” 


= 44°(0.0877 + 0.0014) /[w"(1 - w" /2.17)]. 
"on leave from and now returned to Atomic Energy 
Research Establishment, Harwell, Berks, England. 
tNow at Istituto di Fisica “A. Righi’ della Univer- 
sita degli Studi di Bologna, Bologna, Italy. 
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PION-PROTON SCATTERING BELOW 150 Mev. 
S. W. Barnes, H. Winick, K. Miyake, and K. Kin 
sey, University of Rochester, Rochester, New 
York (Received July 16, 1959). 


Values found for 30-Mev scattering at the two 
center-of-mass angles 116.8° and 155° are, 
respectively, for positive pions 0.849 + 0.048 and 
1.098 + 0.075 mb sterad™, and for negative pions 
of the same energy 0.187 + 0.020 and 0.165 + 0.022 
mb sterad™. Phase-shift analyses are made of 
recent published 7~- distributions in the above 
energy range and serve to furnish prescriptions 
for the low-energy behavior of the T =3 phases. 
Calculations of o~~, o~°, and o7 at various 
energies agree with measurements _ in the 
literature. An essential agreement is found be- 
tween 1~ +p forward scattering amplitudes and 
a dispersion equation over this energy region. 


1*-p ELASTIC SCATTERING AT 30 Mev. 

G. Giacomelli,* Department of Physics, Univer- 
sity of Rochester, Rochester, New York (Re- 
ceived July 16, 1959). 


Differential scattering cross sections in hydro- 
gen for (30+ 1.5)-Mev positive and negative pions 
have been measured at the two center-of-mass 
angles of 82 and 99.9 degrees. 

The cross sections for positive pions in mb/ 
sterad in the center-of-mass system are 0.435 
+ 0.028 and 0.590 0.030, for negative ones 0.268 
+ 0.028 and 0.239+0.021, respectively. 


‘Now at Istituto di Fisica dell ’ Universita di Bologna, 
Bologna, Italy. 


STRUCTURE OF THE FORWARD SCATTERING 
AMPLITUDE. Stanley Deser, Department of 
Physics, Brandeis University, Waltham, Massa- 
chusetts, and Walter Gilbert and E. C. G. 
Sudarshan,* Lyman Laboratory of Physics, 
Harvard University, Cambridge, Massachusetts 
(Received May 15, 1959). 


The matrix elements of various products of 
two currents between states of equal energy- 
momentum are studied. Use of the axioms of 
local field theory leads to an integral representa- 
tion for the Fourier transform of matrix elements 
of the retarded commutator in terms of two 
invariant momentum parameters. Further re- 
strictions on the class of allowed functions per- 
mits explicit incorporation of the mass restric- 
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tions as support conditions on the weight function. 


The “bound-state” term is separated off and 
related to the vertex functions. As a simple 
application, forward-scattering dispersion re- 
lations are derived by specialization of the 
Green’s function. In particular, these can be 
obtained for nucleon-nucleon and K -meson— 
nucleon scattering. 


‘On leave of absence from Tata Institute of Funda- 
mental Research, Bombay, India. 


MESON-NUCLEON SCATTERING AND NUCLEAR 
FORCES. Victor F. Weisskopf, Department of 
Physics and Laboratory of Nuclear Science, 
Massachusetts Institute of Technology, Cam- 
bridge, Massachusetts (Received July 16, 1959). 


A simple derivation which does not make use 
of field theory is given of the main results of the 
static theory of 7-meson scattering by nucleons. 
The derivation serves to elucidate the connection 
between low-energy meson scattering and the 
nuclear forces at large distances. 


MAGNETIC MOMENT OF THE DEUTERON. 

H. D. Young and R. E. Cutkosky, Carnegie Insti- 
tute of Technology, Pittsburgh, Pennsylvania 
(Received July 23, 1959). 


A contribution to the deuteron magnetic mo- 
ment which results from the altered expectation 
values of nucleon core spins in the bound state 
is calculated. The adiabatic approximation, in 
which the 7-meson clouds of a static-nucleon 
model are assumed to follow the orbital motion 
of the sources, is used. The two-nucleon states 
are expanded in Heitler- London states; the ex- 
pectation value of the deuteron magnetic moment 
operator is related to single-nucleon matrix 
elements by means of an expansion correspond- 
ing to exchange of various numbers of mesons 


between the nucleons. The single-nucleon matrix 
elements are evaluated using the Chew- Low- Wick 
fixed-source theory. If an orbital wave function 
with a relatively large D-state probability is 
used, the one-meson exchange terms give an 
increase in the deuteron magnetic moment of 
about one percent. The two-meson exchange 
terms are considerably smaller than the one- 
meson exchange terms. 


GEOMETRICAL REPRESENTATION OF THE 
MAXWELL FIELD IN MINKOWSKI SPACE. 
Edward S. Lowry, International Business Ma- 
chines Corporation, Poughkeepsie, New York 
(Received July 23, 1959). 


The electromagnetic field tensor of a classical 
charged particle is associated with the orienta- 
tion and density of a family of two-dimensional 
surfaces radially distributed about the world 
line of the particle in Minkowski space. 


MASS SPLITTINGS WITHIN BARYON CHARGE 
MULTIPLETS. R. E. Behrends* and L. Lando- 
vitz, Brookhaven National Laboratory, Upton, 

New York (Received July 30, 1959). 


We have calculated the effect upon the mass 
splittings within each isobaric multiplet of a 
phenomenological boson mass difference. It has 
been possible to sum the diagrams to all orders 
in the strong couplings but the results are only 
valid to first order in the mass difference. 
These results can be compactly expressed as 
derivatives with respect to the intermediate 
masses of a function related to the proper self 
energy. The second order perturbation results 
are also calculated. 


*Now at the Institute for Advanced Study, Princeton, 
New Jersey. 
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